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ABSTRACT

The Effects of Irradiated,

Anaerobically

Digested Municipal Sludge on Symbiotic
Root Infections

In Vegetable Crops

September 1981

Roberta Spitko,

Ph.D.

University of Massachusetts

Directed by:

William J.

Anaerobically digested,

Manning

liquid sewage sludge from

Boston's Deer Island Treatment Plant,
tion with high energy electrons,

sterilized by irradia¬

was applied to field plots

at the Suburban Experiment Station of the University of
Massachusetts at Waltham for three consecutive years.
sludge application levels were used:
tonnes

(dry weight)

per hectare.

Two

4.7 and 9.4 metric

Growth,

development and

symbiotic infection of common vegetable crops by species of
fungi forming vesicular-arbuscular mycorrhizae and rhizobial
nodulation of four species of legumes were monitored during
this period.

In all cases,

sewage sludge application changed

the morphology of VA mycorrhizal infection of root cortex
cells and radically inhibited modulation of legumes by rhizo¬
bial bacteria.

Analysis of plant tissues and soil,

combined

with subsequent greenhouse experiments indicated excess P in
the soil resulting from sludge application was the likely
v

cause of the change in mycorrhizal infection.
The source of the rhizobial nodulation inhibition was
more obscure.

Greenhouse and laboratory studies

showed that

sludge application slowed the rate of rhizobial multiplication
but did not affect the bacterias'

ability to infect legume

roots and form nodules under aseptic conditions.
hypothesized that decreased rhizobial growth rates

It is
in the

highly competitive rhizosphere may prevent the Rhizobia from
growing rapidly enough to establish dominance necessary to
initiate infection.

The exact cause of the decreased rhizo¬

bial growth rates was not identified although increased levels
of nitrates,

copper and zinc ions

in the soil solution result¬

ing from sludge application were implicated.

vi
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CHAPTER

I

INTRODUCTION

Disposal of the ever increasing volumes of sewage
sludge produced daily in a manner that is economically
feasible yet environmentally sound is a challenge facing
society today.

According to 1975 EPA estimates,

sludges produced in the U.S.
discharge,
cation

25% landfill,

(EPA 1976).

were as follows:

the fate of

15% ocean

35% incineration and 25% land appli¬

EPA had set 1981 as a cutoff point for

ocean and river discharge of waste effluent;

as a result,

increasing pressure is being put on land to serve as an
alternate means of disposal.
The waste disposal problems faced by the city of Boston
may be considered typical of many large cities.
ates 2 waste treatment facilities,

Boston oper¬

Deer Island and Nut Island

Treatment Plants which handle the domestic and industrial wastes
of 43 communities in eastern Massachusetts.
vide primary waste treatment.

These plants pro¬

The heavier particles

(sludge)

are separated from the lighter effluent by gravity and then
treated by anaerobic digestion to remove some of the readily
oxidizable carbon and thus stabilize the material somewhat.
The lighter effluent is chlorinated to destroy pathogens,

then

remixed with the digested sludge and discharged into Boston
Harbor.

The combined output of the two plants is 450 million

gallons of wastewater per day;

this discharge is a major con¬

tributor to the total pollution problem of Boston Harbor and is

1

2
contrary to the provisions of the Federal Water Pollution
Control Act

(EPA 1979).

Disposal of Boston sludge by applying it to Massachusetts
farm land is one means of disposal that has been proposed by
several different sources

(EPA 1979).

A problem of vital impor¬

tance to those involved in the public health consequences of land
application of sludge is the spread of human pathogens.

Sew-

age sludge may contain many potentially pathogenic organisms
including viruses,
parasites

rickettsia,

(Mitchell 1974).

bacteria,

protozoa and nematode

An experimental means of destroying

pathogens is the use of irradiation with high energy electrons
to destroy essentially all living materials
(Trump 1976).

in the sludge

This-study was undertaken in conjunction with

the pilot sludge irradiation project of the Massachusetts In¬
stitute of Technology to determine if Deer Island sludge could
realistically oe used as an agricultural amendment and if irrad¬
iation would change the behavior of the sludge once it was ap¬
plied to the soil.

The focus of the author's part of the study

was to determine the effect of irradiated sludge on symbiotic
associations between roots of important vegetable crops and
soil microorganisms.

CHAPTER

II

LITERATURE REVIEW

The practice of spreading urban wastes on land is not
new:

it has been used on a limited scale in this country

for decades

(Page 1974).

Application of sewage sludge to

cropland has many benefits,

allowing plants to use nutrients

and water present in the sludge that would otherwise be
wasted or sources of pollution in other ecosystems.

It's

organic solids may be added with the intention of improving
physical and chemical properties of the soil including cation
exchange capcity,
holding capacity

friability,

aggregate stability,

(Epstein et al.

1976,

Leper 1978,

and water
Page 1974).

Many reports of the fertilizing qualities of sewage sludge
have been made

(Anderson 1959,

Kelling et al.

1976,

1959,

Page 1974,

Bole and Bell 1979,

Kelling et al.

Sommers 1977,

Coker 1966,

1977a,

1977b,

1977c,

Soon et al.

1978a,

1978b).

Lunt

These studies and others have shown that there may be
serious negative aspects associated with careless application
of sewage sludge to cropland.

Nitrate pollution of ground-

water,

soluble salt build up and heavy

abrupt decreases

in pH,

metal accumulation in the soil are some of the more apparent
problems of sludge application.
It is well recognized that nitrate pollution of ground
water may have serious and far-reaching consequences.

Many

sludge studies have included ground water analysis as an
3
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essential part of their data
1975,
Morris

Page 1974,
(1974)

(King and Morris

Stewart et al.

1975,

1972,

McWhorter

Walker 1975).

King and

state that while heavy metal pollution of the

soil is a long term problem,

the immediate factor in limiting

application rate is the quantity of inorganic nitrogen released
from the sludge.

Kelling et al.

(1977b)

found that sludge

application rates considered fairly low (30 metric T/ha)
applied to a sandy loam resulted in considerable N0^ being
lost from the application site.
tion in his statement,

Brown

(1975)

sums up the situa¬

"sludge disposal farms may become a

serious source of nitrate pollution of groundwaters if appli¬
cation of nitrogenous materials to the soil is not approximately
equal to the sum of the nitrogen requirement of the crop and
gaseous losses through denitrification and volatilization."
He and others
et al.

1977)

(Feigin et al.

1978,

King et al.

1974,

Sabey

emphasize that the amount of sludge added will

vary with the crop,

crop yield,

soil,

climate,

and management

practices on the site and should be determined on site by site
basis.

EPA (1976)

recommends 5 to 40 metric T/ha.

for appli¬

cation rates satisfying the N requirements of most crops.
Christensen

(1977)

gives detailed calculations for estimating

the N needs of a particular site.

It is essential that the

organic N and soluble NH^ and N0^ content of the sludge is
determined prior to application.
Chaney

(1973)

Guarciariello 1976)

and others

(King and Morris 1972,

have observed lowering of soil pH after

5
sludge application due to nitrification of large amounts
of ammonia and production of organic acids from microbial
decomposition of organic matter present in the sludge.

The

magnitude of the decrease in pH is a function of the quantity
of sludge applied and the buffering capacity of the soil which
is larger in soils with greater cation exchange capacities
(CAST 1980).

It has been universally accepted that liming

soils to pH 6.5 is an essential part of preapplication soil
preparation except in areas where the soil is already neutral
or alkaline.

This may be the single most important factor one

can manipulate to reduce heavy metal availability to plants.
Several instances of soluble salt damage to crops from
slud^ application have been reported
Feigin et al.

1978,

Kelling et al.

(Epstein et al.

1977b).

1976,

Soluble salt

accumulation is of some concern in arid and semiarid regions
where the evaporative potential is very high
However,

(McWhorter 1975).

in humid regions like the northeastern U.S.

salt toxicity rarely becomes a problem.

Indeed,

soluble

Guarciariello

(1976), working with Deer Island sludge which has a chloride
content of 20 to 40 times that of normal sludges,
problems with even the most salt sensitive crops

found no salt
(U.S.D.A.

Handbook 60 1969).
Heavy metal contamination of the soil is often considered
the most important problem associated with sludge application as
it may be permanent

(Leeper 1978,

Page 1974,

Purves

1972).

problems caused by heavy metal accumulation in the soil are

The

6
complex but fall into two main categories:

direct plant

toxicities resulting in poor growth and reduced yields,
even more seriously,

and

food chain contamination due to metal

accumulations sublethal to the plant but toxic to its animal
consumer.
Plants exhibit wide variation in their tolerance to
heavy metals in the soil.
differences

Dick

(1976) noted 3 to 10-fold

in metal content of different species grown

in the same soil.

Plants'

tolerance to heavy metals can

be broken into four categories of sensitivity:
sensitive,
2)

3)

illustrated by beet,

less sensitive such as beans,
moderately tolerant,

soybeans,

1)

very

turnip, mustard and tomato,
cabbage and collards,

including corn,

small grains and

4) very tolerant which are largely grasses such

as ryegrass and bermudagrass

(EPA 1976).

No generalizations

can be made indicating a plant specie's tolerance to heavy
metals;

it must be determined for each individual specie.

However,

deep rooted perennials are often a good choice

of crop since most metals stay in the upper 6 inches of soil
(Dick 1976).
Many studies have been made on the interaction of heavy
metals with plants grown in sludge amended soil

(Auclair 1976,

Brown 1975,

Cunningham et al.

1976,

Dowdy 1978,

Hinesly et al.

et al.

1977a,

et al.

1977,

Kirkham 1975,

1975,

1979,

Furr et al.

Jones et al.

Latterell et al.

Sabey and Hart 1975).

1973,

Ham and

Kelling

1978, McIntyre

These studies and others

7
show that plants vary widely in their responses
Leeper

(1978)

and CAST

(1980)

differences between species
ance,

to heavy metals.

emphasize that not only are there

in heavy metal uptake and toler¬

but also between cultivars of the same species,

of the same cultivar,

and organs of the same plant.

grains and fruits will accumulate 3 to 10 times
than leaves

(Dick 1976)

plants
In general,

less metals

and older leaves will have higher

concentrations of metals than younger ones.

Leeper

(1978)

observed that heavy metals are concentrated into leaf or straw
in amounts varying greatly with the part of the plant and its
age, while the amount of metal ending up in the seed is more
or less species stable and less dependent on soil factors.
Roots have the highest metal concentration of all plant parts,
but it is difficult to determine if the metals present are
due to actual uptake from the soil or are merely tightly
bound surface contamination.
In considering the heavy metal content of plants it is
important to keep the concept of ’’concentration effect” in
mind

(Guarciariello 1976).

Any condition resulting in de¬

creased plant growth may make a plant falsely seem to accumu¬
late metals,

when in reality it has the same metal content as

a plant that grew larger so that the metals within it are
diluted.
Once within the plant,

our sparse knowledge of the be¬

havior of the metals becomes even smaller.

"We are poorly

8
informed about the nature of the damage done by heavy metals
(in plants)
1978).

and the nature of resistance to damage,"

(Leeper

One type of damage hypothesized is due to antagonism

by heavy metals to other compounds.

This may take the form

of precipitation within the roots as shown by the reaction
and precipitation of phosphate with compounds of Zn,
possibly other metals

(Leeper 1978).

Mn,

and

Competition for places

on carrying compounds involved in active uptake is another
possible source of damage.

Iron defficiency in pineapples

growing in high iin soil is a well known example of this
of competition.
with FeS04,

type

The defficiency must be cured by foliar sprays

as the roots are essentially unable to take up

iron (Leeper 1978).
There is much discrepancy in the literature as to which
heavy metals are cause for concern,

as indeed there is dis¬

crepancy as to which metals actually comprise the "heavy
metals".

Elements considered heavy metals that are contained

in sludge are A1,
Se,and Zn.
are anions.

As,

B,

Cd,

Cr,

Cu,

Fe,

Hg,

All exist as cations except As,
Cu,

Zn, Mo,

nutrients as well.

B, Mn,

Mn,
Mo,

Mo,

Ni,

Pb,

and Se which

and Fe are essential plant

Management practices are aimed at keeping

all of these metals as unavailable as possible to plants grown
in their midst.

Possible fates of the heavy metals added to

the soil in sludge are as follows
1.

(Leeper 1978,

Page 1974):

they may be taken up from the soil by the plant
and removed

when the crop is harvested,

9
2.

they may stay in solution and pass unchanged
through the soil profile,

3.

they may be held by the soil in a temporarily or
permanently insoluble form,

4.

they may be converted to the gas phase and vola¬
tilize .

All heavy metals except Mo,

As,

and Se are cations and enter

into competition for adsorption sites on negatively charged
soil colloids.
anced by CA

,

Before sludge addition these sites are bal¬
Mg

,

Na

,

K"*~,

and NH^~ in neutral soils;

in

acid soils they are balanced by substantial H+ and Al-1-^ as
well.

The ability of a soil to remove cations from solution

is called it's cation exchange capacity,

or CEC.

The CEC is

actually a measure of the charged surface on the soil colloids
(Dick 1976).

The colloidal material of the soil is made of

two fractions,

an inorganic and an organic fraction.

The in¬

organic fraction is made of clay materials with their negative
charges resulting from isomorphic substitution of elements
with varying valencies within the crystalline network of the
minerals.

Metal cations may be held loosely on the charged

edges of the mineral colloids where they enter into ready
exchange with other cations in the soil solution,

or they may

be held with varying degrees of tightness in the inner layer
spaces
erals.

(ILS)

between the sheets of atoms making up the min¬

ihe degree of availability of cations held in the ILS

depends on their atomic radius,

degree of hydration,

valency,

10
concentration in the soil solution and the pH of the soil
solution.
The organic colloidal fraction in the soil is composed
of small particles of organic matter which also may enter
into cation exchange reactions.

The negative charge on

soil organic matter results from carboxyl,

phenolic,

imidic,

and other similar side groups behaving as acids and dissoci¬
ating at various pHs,
ionizing pH.

each compound having its characteristic

As pH increases,

dissociation of these com¬

pounds increases, making organic matter a much more efficient
mechanism for retaining metals at pHs greater than 6.5.
Another way in which organic matter reacts with heavy
metals is by chelation.

Chelation denotes gripping of a metal

ion by two or more linked atoms to form a stable ring.

The

chelation of a metal gives no indication of its solubility.
Soluble chelates are often formed between heavy metals and
small organic molecules,
(Leeper 1978).

citric acid being typic and familiar

These soluble chelates are usually negatively

charged and therefore not fixed on the negative surfaces of the
soil colloids.

If small enough,

they may be taken up by roots

directly from the soil solution and thus promote metal mobility.
If the metals are chelated by compounds too large to be taken
up by roots they may be unavailable for uptake even though
they may leach through the soil profile beyond the root zone.
Insoluble chelates may form on the edges of particles of
organic matter.

These may hold metals very tightly,

essentially

11

removing them from solution.

However,

although organic

matter may function effectively in keeping heavy metals
unavailable to plants for short periods of time,

caution must

be used when considering long term metal availability.
Leeper

(1978)

states "organic matter cannot account for

reversion to forgettable forms of a

heavy metal:

its cap¬

acity is limited as it does not recrystallize and become less
available with time.

In fact,

heavy metal is to be buried,

the opposite occurs.

If the

(and permanently unavailable)

it must be in inorganic form."
There are several ways in which metals may become
permanently

unavailable to plants after addition to soil.

The summary that follows is an expanded version of the one
originally presented by Dick (1976).
1.

Certain trivalent elements such as Fe+^ and Cr+3
form highly insoluble precipitates by hydrolysis,
immediately upon addition to soil.

2.

Much of the amorphous inorganic material in the
soil is comprised of oxides and hydroxides of A1,
Mn,

and Fe.

These compounds can adsorb metals on

their surfaces which later become buried beneath
more layers of oxides and hydroxides.
3.

Many heavy metals form insoluble precipitates with
phosphates,

carbonates,

compounds in the soil.

silicates and other related
The solubility of these com¬

pounds is largely dependent on the dissociation

12
constant for each particular compound,

and thus

is highly influenced by pH.
4.

Heavy metal cations become trapped within the ILS
of the clay minerals.

Deposits of amorphous oxides

and hydroxides accumulating on the edges of the
layers may trap the heavy metals permanently within.
Although these mechanisms are lauded as ways of alleviating
the problem of metal pollution from sludge addition to soil,
caution must be used as it is not known how '’permanently''
they hold metals or if they cease to function once the metal
loading capacity of the soil has been exceeded.

Guarciar-

iello (1976) observed that trace elements contained in the
surface 6 inches of soil not removed by plants,

or eroded

from the soil surface, persist in a form moderately available
to plants for a long time.

LeRich (1968)

reduction in acid extractable Ni, Pb,
in Cu,

6 years after application.

found a very slight

and Zn,

and no change

Brown (1975) reviews

many articles and says that the data presented clearly show
that for at least 3 years Zn, Ni,

and Cu,

remain much more

available for plant uptake than comparable amounts of metals
in soils not receiving sludge.
Metals applied to the soil in sludge will undergo
changes in chemical form over a period of many years
1975) .

(Brown

The chemistry of the metals as they are present in

the sludge and the changes they undergo are laregly unknown.
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The concept of reversion of metals to forms unavailable
for plant uptake represents a very important void in the
chemistry of the metals

(Brown 1975).

It is assumed that

the interaction of heavy metals with sludges of the same
pH is similar as soon as the most reactive portion has decom¬
posed,
1978).

in spite of different treatment processes

(Leeper

ihe bulk of the metals in sludge can be regarded

as adsorbed,

adsorbed-chelated,

may also be present as oxides,
related compounds

or soluble-chelated.
phosphates,

They

sulfates and other

(Leeper 1978).

The ability of plants to absorb metals from solution
depends on factors other than simply the solubility of the
metal compound in water
concentrations of Cu,

(Brown 1975).

Zn, Ni,

Pb,

Maximum soil solution

and Cd,

exceed the solubil¬

ity products of the hydroxides and carbonates of these ele¬
ments

(Page 1974).

ity of Cu

+2

Lindsay (1972) observed that the solubil-

in the soil solution is even lower than minutely

soluble compounds like Cu-jOI^ and CuO,

yet Mitchell

(1964)

found that 10 to 50 per cent of the total Cu in soils is
available for plant absorption.

The soil solution around

the plant root contains organic acids and organic metal
complexing agents that are exuded by the plants themselves
and microorganisms abundant in the rhizosphere.

Introduction

of sludge to the soil increases the amounts of these types of
compounds.

These conditions would favor the formation of
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soluble chelates and promote uptake of the complexed metals.
It is clear that many factors other than the absolute solu¬
bility of the metals influence their uptake.
The heavy metals may be grouped into 2 categories,
those considered of little cause for concern and those
posing serious problems.

Several authors

(EPA 1976,

Leeper

1978, Page 1974) have given excellent reviews of each metal
and reasons for including it in the hazardous or nonhazaraous
categories;

it would be redundant to do so here.

The elements

of cause for concern in a study involving plants are likely
to be Cu, Ni,

Zn,

1976, Leeper 1978,

and Cd (Chaney 1973,
Page 1974).

Chumbly 1971,

EPA

A brief account of each

metal is given to furnish background relative to their dis¬
cussion in experiments that follow.
Copper.

Copper is a component of all soils as well as

an essential plant nutrient.

In the plant is is involved in

electron transfer processes and serves as a catalyst in
enzyme reactions,

as do most metal elements in plants.

a divalent cation in the soil solution,

As

it is adsorbed on

negatively charged soil colloids and also occurs in assoc¬
iation with the oxides and hydroxides of Mn and Fe.
reacts very strongly with organic matter;

Cu

indeed it has

found to have the greatest affinity for organic matter of
all metals

(Loneragan 1975).

Ninety-nine per cent of the

copper present in the soil is in the form of soluble and
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insoluble complexes with organic matter
As with the other metal cations,
increased upon raising the pH,

(Loneragan 1975).

adsorption of Cu is greatly

yet Cu is so strongly retained

on even acid soils that it barely moves to the subsurface.
In spite of its high affinity for soil adsorption complexes,
Cu still remains reactive enough to cause damage to plants.
Cu toxicity from sludge application has been reported fre¬
quently (Cunningham et al.

1975a, King and Morris 1972,

Lunt 1959, Mitchell et al.

1978,

Fairly low levels
plants

Purves and Mackenzie 1973).

(less than 20 ppm) of Cu are toxic to

(Allaway 1968),

therefore,

damage to plants usually

occurs before Cu levels that would be toxic to the animal
consumer are reached.
tive to other metals,

Because of its high toxicity rela¬
Cu is often cited as the metal most

expected to cause serious growth problems in sludge amended
soils;

because of this special guidelines concerning its

application have been establisned.

They will be discussed

in the section on sludge guidelines, which will follow shortly.
Nickel.

Ni has no known function in plants and is

detrimental to their growth at levels exceeding 50 ppm in
leaf tissues

(EPA 1976).

The concentration of extractable

Ni in the soil solution is governed by the amount of surface
area available on the Fe, Al,

and Mn oxides and hydroxides.

Ni generally behaves like Zn in the soil,
stronger links with organic groups.

although it forms

Unlike Cu and Zn which

are more available to plants from inorganic sources,
uptake is promoted by the presence of organic matter.
ever,

Ni toxicity has only been seen in acid soils

Ni
How¬

(Mitchell
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et al.

1978).

If sites where sludge is applied are well

managed with the soil pH kept consistently neutral,

Ni tox¬

icity should not be a problem.
Zinc.

Perhaps the most information is available about

the behavior of Zn in sludge amended soil.

Zn,

essential element for both plants and animals,
a cofactor of several important enzyme systems.

like Cu,

is an

functioning as
For many

purposes it is analogous to Mg ^ in size and charge;

plants

cannot distinguish between the two during uptake (Hewitt and
Smith 1974).

Zn may be considered a simple heavy metal in that

it is free from the complications of oxidation-reduction and
ready chelation.
Zn

+2

Under acid conditions,

ion (Leeper 1978,

Loneragan 1975).

Zn exists as the
It is held in the soil

by sorption on the clay colloids and hydrous oxides and hy¬
droxides,

and is fairly readily chelated by organic matter,

Loneragan (1975)

estimates that 50 per cent of soil Zn is

organically bound;

Stover et al.

(1976) believe that organically

bound Zn is it' s predominant form.
Liming radically affects the availability of Zn in
acid soils, usually resulting in a 3 to 10-fold reduction
in available Zn.

Unlike the other metals,

the amount of Zn

taken up by plants is usually linearly related to the amount of
in the sludge applied, regardless of management techniques.
Once soil is contaminated with Zn it remains so indeffinately,
yet like Cu it remains very mobile in the soil solution.

It
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is the nature of sewage sludges that they almost always
contain Zn in the largest amount of all the problem metals;
cases of Zn toxicity are well documented in the literature
(Giordano et al.

1975, Guarciariello 1976, Mays et al.

1973, Mitchell et al.

1978,

Purves and Mackenzie 1973).

Zn

poses one of the most serious threats to long term soil
contamination.

It is unknown to what extent and under what

conditions reversion of Zn to forms of low availability can
decrease its potential for long term toxicity.

Because of

these factors, many sludge amendment guidelines are based on
Zn content of sludge.

Indeed,

the management of Cu and Ni

is based on their relative toxicities to Zn.
Plant tissue levels of 200 ppm Zn or more may result
in Zn toxicity.

Symptoms of excess Zn in the plant include

generalized stunting and interveinal chlorosis and necrosis
(Hewitt and Smith 1974) .
Cadmium.

Cd is considered by many to be the most dan¬

gerous of all the heavy metals added to the soil by sludge
application (EPA 1976).
ppm) ,

Soils are naturally low in Cd (.06

thus sludge addition usually results in substantial

increase in soil Cd content.

The problems caused by Cd accu¬

mulation are two-fold:
1.

direct toxic effects on plants at fairly low
(10 ppm)

concentrations

John 1973, Mahler et al.
2.

(Bingham et al.

1976,

1978) and

food chain contamination as animals consuming
plants containing Cd store it in their body
tissue.
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Because of the cumulative characteristics of Cd in animals
from low levels of exposure

(Lu et al.

1975, Williams et al.

1978) and the debilitating disease that may result,

there is

much greater concern about the possible hazard to animals
from elevated concentrations of Cd in plants than direct
toxicity to plants.
The soil chemistry of Cd is largely unknown.

It is

considered by several authors to be the most mobile element
in the soil solution (McWhorter 1975).

Cadmium availability

is known to be influenced by soil organic matter,

clay con¬

tent and type, hydrous oxide content and redox potential.
The behavior of Cd in the soil is closely related to Zn.
The amount of Cd in circulation is about 0.01 of the amount of
Zn, and accompanies Zn in roughly proportional amounts through
adsorption and downward penetration.

The same practices

that reduce Zn availability in the soil affect Cd similarly
(Mahler et al.

1978).

Many studies have shown that different

plant species, varieties,

and tissues contain different Cd

concentrations from similar amounts of application (Bingham
et al.

1975,

Bogess et al.

1978,

Dowdy and Larson 1975).

Also,

the same variety of plants grown in different soils containing
equal Cd concentrations had very different Cd concentrations
(John 1972, Miller et al.

1976, Mitchell et al.

ting strong specific soil effects.
normally low in heavy metals

1978)

indica¬

Plant tissues which are

(seeds, grains,

fruits) accumu¬

late Cd to a much higher level than other heavy metals,
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although the largest amounts by far accumulate in organs which
have the highest evapotranspiration rates.
Because Cd poses the most serious threat to food pro¬
duction and has the most inconsistent research results,

EPA

has set up a separate set of guidelines for Cd:
1.

keep soil pH above 6.5

2.

grow only nonaccumulator crops

3.

grow nonedible crops

4.

use only low Cd sludges on cropland

5.

make only small annual applications of sludges
containing Cd

Current EPA limits for Cd application are 0.5 kg/ha/year
with a total application limit of 5 kg

(CAST 1980).

It is evident from the above discussion that the be¬
haviour of the heavy metals
to predict.

in soil is complex and difficult

The amount of metal in exchangeable form is not

based solely on its absolute concentration and the soil
factors mentioned previously.
proportion of other metals
soil moisture content,

Other variables such as the

in the soil,

aeration,

soil temperature,

and so forth also have an

important influence in determining ultimate amounts of metals
taken up by plants
Kirkham 1978a,
Beckett 1979,

(Arvik and Zimdahl 1974,

Lepp 1977,

Street et al.

Zimdahl and Foster 1976).

Kaghiri 1974,

1978,

Wollan and

In general,

any

variable affecting the availability of the metal in the soil
system also affects its phytotoxicity and bioaccumulation
(Dick 1976).

20
Many guidelines for sludge application to cropland
have been established in the last 5 years
Dick 1976,

EPA 1976,

keeper 1978,

(Christenson 1977,

Lutkin et al.

1977).

Most

researchers have snown that proper choice of site coupled with
selection of nonaccumulator plant species and plant tissues
will keep heavy metal problems to a minimum.

It must be

emphasized that the quantities of sludge applied to land will
ultimately be limited by regional agronomic practices

(EPA

1-/76) , but tnese guidelines are meant to be used when deter¬
mining sludge loading rates.
One type of guideline is based on nitrogen loading of
the soil.

Sludges typically contain from 1 to 6 per cent

N (EPA 1976) which may be assimilated by plants if it has
mineralized sufficiently for their use.

It is important

that careful calculation be made for each site and crop re¬
quirement or groundwater contamination may result from excess
E leaching through the soil profile.
ditrogen applied in sludge should not exceed the N
requirements of the crop to be grown plus expected gaseous
osses.

Applications of sludge Dased on N loading rates are

lairly high.

EPA (1976)

estimates 5 to 40 metric T/ha will

satisfy the N requirements of most crops.
tion is based on N guidelines,

If sludge applica¬

additional measures must be

taken to insure against problems of heavy metal accumulation.
&

If sludge is added to satisfy the N requirements of a
crop,

invariably large amounts of excess P will be added to

22
The remaining guidelines are based on specific amounts
of Cu, Ni,

Zn,

and Cd added to the soil in sludge application.

Berrow and Weber

(1972)

concluded that Cu,

Ni,

and Zn were

the metals most likely to cause phytotoxicity problems in
the soil;

since then many authorities on the subject have

concurred (Brown 1975,

Chaney 1973,

Leeper 1978,

Page 1974).

A simple method for estimating the amount of potentially
toxic metal content of sludges was needed.

Berrow and Weber

(1972) proposed the zinc equivalency equation, which was
later revised by Chaney (1973).

In this equation,

Cu and Ni

are assigned toxicities based on their relative toxicity to
Zn.

Cu is considered twice as toxic as An; Ni is considered

4 times as toxic as Zn.

The resulting equation is Zn equiva¬

lents = ppm Zn + 2(ppm Cu) 4- 4(ppm Ni).

Most metal loading

recommendations are based on this equivalency.
lines

Several guide¬

(Chaney 1973, EPA 1976, Page 1974) recommend that the

Zn equivalency loading should not exceed 10 per cent of a soil's
CEC.

Chumbly (1971) recommends that no more than 250 ppm Zn

equivalents be added to the soil over a 30 year period.
(1973) went one step further,

Chaney

setting absolute limits for

sludges applied to agricultural land.

He proposed that

agriculturally applied sludges should not exceed 2000 ppm
Zn, 800 ppm Cu,

100 ppm Ni,

100 ppm B and 15 ppm Hg.

According

to analyses done by Guarciariello (1976) and this author, Deer
Island sludge exceeds acceptable levels of 4 out of 5 metals
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the soil

(EPA 1976,

per cent P.

Leeper 1978).

Most sludges are 1 to 3

If sludges are added to satisfy crop P require¬

ments instead, much lower application rates will result.
Generally,
crops

1 to 2 metric T/ha will satisfy the P needs of most

(EPA 1976),

the same time.

and lessen the metal addition to the soil at

The P limit application would still require

additional N fertilization making it economically undesirable
for nonleguminous crops.

However,

if used in sequential rota¬

tion with legumes as a natural way of increasing sol N content,
P limitations on sludge application may result in the least
danger of contamination and the most balanced soil system for
thrifty crop production.

This may be the ideal application

i.ate for growing legumes, when large applications of N are
actually undesirable (Hallsworth 1958, Harper and Cooper 1971,
Johnson and Hume 1972).
Other sludge application guidelines deal with keeping
heavy metals in soil and crops at a minimum.
large volume of literature,

often conflicting,

There is a
on

steps to

be taken in managing heavy metals added to soils in sludge.
One point agreed on universally is the importance of
keeping soil pH levels above 6.5.

EPA (1976) recognizes

PH control as being fundamental to keeping levels of problem
metals available to plants at a minimum.

Liming soils to

increase their pHs from 4.5 to 7.0 resulted in a 10-fold
reduction in availability of metals including Cd, Ni,
Hn (EPA 1976).

and
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(Cu, Ni, Zn,

and B).

Unfortunately,

later studies have shown that the equiva¬

lency method is not reliable in many cases.

EPA (1976) reports

that although the Zn equivalency method assumes the toxicities
of the metals are additive,

they are not necessarily so.

Also,

the equation does not apply over a broad range of soil types
and plant species.
As previously mentioned,

Zn uptake in plants has been

found to be related to the amount of Zn present in the soil
in a clearly linear pattern (Atonovics et al.
1976).

According to Purves

(1972)

1971,

Guarciariello

the pattern for Cu and Ni

indicates resistance by plants to uptake.

At low metal levels

uptake stays low in spite of small increases in soil Cu or Ni.
At higher soil levels of these metals, resistance breaks down
and there is much more metal uptake than would normally be
predicted from low level uptake indications.

Ultimate Cu,

Ni

and Zn accumulation will depend on whether the metals eventually
assume forms unavailable to plants

(Brown 1975).

The last major guideline that has been established involves
the concept of the Zn-Cd ratio.
of Cd,

In the preceding discussion

it was noted that Cd is an analog of Zn in the soil.

It is believed that Zn competes with
plant root

(Leeper 1978).

Cd at uptake sites in the

Making this assumption,

several

authors purport that a high Cd to Zn ratio is needed before Cd
can exert its toxic effects

(Cunningham et al.

1976,

Page 1974).

EPA (1976) recommends the Cd to Zn ratio of sludges applied to
agricultural land should be less than 1 per cent.

Chaney's

(1973) more conservativ e recommendation is that it should be
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less than 0.5 per cent.

This guideline was widely accepted

for several years; unfortunately, many recent studies have
shown that this ratio is unreliable for predicting Cd be¬
havior.

Many species of plants accumulate large amounts

of Cd in the presence of high levels of soil Zn (Furr et al.
1976, Hinesly et al.

1977).

The most recent consensus

(CAST

1980) concludes that Cd and Zn uptake are totally independent
of one another and recommends that the entire Zn-Cd ratio
concept be discarded.
A further complication making establishment of appli¬
cation guidelines difficult is the extreme variability of
sludge itself.

Sommers et al.

plants and found N, P,
narrow range,
ively.

sampled 150 treatment

and K values stayed within a fairly

averaging 4.2,

However,

(1976)

3.0,

and 0.3 per cent respect¬

the heavy metal content of the sludges was

extremely variable.

Sommers

(1977) noted that there was as

much difference in metal content of sludge samples taken from
the same source at different times as there was between samples
taken from different treatment plants.

Sludge analyses can

at best provide a range of heavy metal concentrations that might
be expected in a particular sludge.
From the above discussion,

it can be seen that it is

vary difficult to make generalizations about the outcome of
sludge application to a particular site.

Careful considera¬

tion must be given to the physical and chemical properties of
the soil including its permeability,

pH,

CEC,

hydrogeology,

as well as planned use for the site and the nature of the sludge
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applied for each individual sludge application.

Only when

these criteria are suitable for sludge application can it be
safely applied to cropland with minimal soil ecosystem dis¬
turbance and contamination threat.
Although it has been recognized that addition of sludge
to soil has direct effects on its physical properties and
subsequently on crops grown in that soil,

little considera¬

tion has been given to its effects on the multitudes of
microorganisms that form an essential part of the soil eco¬
system.

The importance of both microflora and invertebrate

fauna in the treatment of waste water is well documented
(Curdes and Hawkes 1975).

These organisms break down organic

matter in sludge to a more stable,
sludge is applied to the soil,

less noxious form.

When

transformation of its organic

and inorganic constituents by soil microorganisms continues
(Mitchell et al.

1976).

It is this microbiological component

that is important to the successful functioning of the "soil
filter” during recycling of sewage sludges and their effluents
(Orchard 1978).

Miller (1974a)

states "the microbiological

component of soil makes significant contributions to waste
recycling by decomposing organic waste compounds,

eliminating

some environmental toxins and pathogenic microorganisms.”

In

spite of the importance of these organisms little is known of
the effects of sludge application on them.
Mitchell et al.

(1976) found earthworms

(Eisenia foetida)

were killed by freshly applied sludge and could not survive in
sludge amended soil until 90 days after application.
et al.

Hunt

(1973) monitored populations of the plant pathogenic
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nematodes Helicotylenchus and Criconemoides in composted sludge
amended soil and found numbers of Helicotylenchus significantly
reduced.

Both composted sludge and raw sludge reduced galling

on tomato by root knot nematode (Meloidogyne spp.)
1975,

Saka 1978).

nematodes

Miller

(1974b)

(Habicht

found bacterial feeding

(Rhabditidae) predominated in sludge amended soil.

He also found bacterial numbers reached their peak 30 days
after sludge application and did not return to normal until
3 to 6 months post-application.
(1978),

Orchard (1978),

In 3 related studies,

and Cairns et al.

(1978)

Stout

found that

application of waste-water effluent caused changes in soil
protozoan,

actinomycete and bacterial populations similar to

variations observed naturally between different soils.
Introduction of sludge to soil can also markedly influ¬
ence plant-soil microorganism interactions that affect plant
health and performance.

Cole et al.

(1969) discuss many

possibilities for plant pathogen-sludge interactions with
plants growing in waste-water irrigated soils,

although

little information is given on specific diseases.
(1956)

isolated species of Alternaria, Aspergillus,

osporium, Fusarium, Mucor,

Cooke
Cephal-

Rhizopus and others from sewage

sludge and sewage sludge effluent but made no attempt to de¬
termine if they were actually pathogenic.
Even less consideration has been given to sludge effects
on microorganisms that enter into symbiotic relationships
with plants.

Modulation of legume roots by appropriate
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teristic vesicles and arbuscules within them.

rounded,

thick-walled storage structures,

lipid droplets.

Vesicles are

often containing

Arbuscules are the means of exchange between

the fungus and the host plant.

They are formed by extensive

branching of fungal mycelium within the root cortex cells
of the host plant to form "little trees" with extremely
high surface to volume ratios
and Brown 1975) .

(Cox and Tinker 1976,

Kinden

VA mycorrhizae provide the host plant with

additional supplies of P by forming an extensive network of
mycelium in the soil that actively takes up P and translocates
it rapidly to the roots of the host plant
Gerdemann 1968,

Harley 1969).

Rhodes and Gerdemann

found mycorrhizal onions able to pick up
from the root surface.

(Gerdemann 1964,
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(1975)

P placed 7 cm.

VA mycorrhizae are cause for the

reevaluation of the concept that plant absorption of nutrients
is limited to a 1 to 2 mm zone around the root hairs.

VA

mycorrhizae have been shown to improve plant growth in cases
too numerous to mention;

indeed,

some researchers have shown

that they are essential for normal growth of several important
crops

(Hattingh and Gerdemann 1975,

1972, Menge et al.

1978a).

Kleinschmidt and Gerdemann

There is increasing evidence that

benefits of VA mycorrhizal infection surpass growth improve¬
ments by nutritional means alone.
researchers

(Barham et al.

and Sinclair 1975)

1973,

Marx

(1972)

and other

Marx and Davey 1967,

Stack

have shown conclusively that infection

°y another form of mycorrhizae,

ectomycorrhizae,

reduces
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susceptibility of forest trees to several kinds of pathogenic
root infections.

This type of mycorrhizal infection differs

from VA mycorrhizae in that the fungal mycelium does not
penetrate the cells of the cortex,

but instead ramifies be¬

tween them forming an extensive network of mycelium called a
Hartig net.

The mycelium grows profusely over the surface

of the root forming a protective covering.
The effects of VA mycorrhizae on plant disease are
less well defined as they do not form a protective barrier
on the root surface and their antibiotic secreting capabil¬
ities are less well characterized.
Kellam (1978)

believe that Marx's

However,

Schenk and

(1972) means of disease

resistance attributed to ectomycorrhizae may apply to VA
mycorrhizae,
tion.

with the exception of physical barrier forma¬

Marx's means of disease resistance wThich are applicable

are as follows:
1.

The mycorrhizal fungus uses up surplus carbohy¬
drates that might otherwise be attractive to
potential root pathogens.

2.

The mycorrhizal fungus secretes antibiotics.

3.

Infection of roots by the fungus creates a
rhizosphere environment favoring the growth
of protective organisms.

Schenk and Kellam (1978)

reviewed all major papers wri11en on

VA mycorrhizae-plant pathogen interactions.

Although a few

studies are cited in which VA mycorrhizal infection caused
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an increase in disease,

the vast majority of the experiments

resulted in striking reduction in disease severity associated
with VA mycorrihizal infection.

They hypothesize that fungal

infection may induce morphgenic and biochemical changes

in

host tissue, making it unfavorable for pathogenic development.
They also concur with Wilhelm

(1973) who suggests prior coloni¬

zation of roots by VA mycorrhizal fungi could lead to antagon¬
istic situations with potential pathogenic invaders.
The changes sludge application causes in soil physical,
chemical and

biological properties undoubtedly affect these

two groups of soil microorganisms as well.

Any disruption

of the symbiosis they form with their host plants is bound
to result in changes in plant growth.
are agricultural crops,

If the plants affected

decreased yields may result.

To date

there has been only one preliminary report on the interaction
of sludge and these two symbionts.
Parkinson's group

(1978)

In work done in Canada,

found that sludge application to

mining spoils inhibited nodulation in legumes and VA mycorrhizal
infection in wheat.

They concluded it was not a simple nutri¬

tional overloading of N and P that caused the inhibitions but
something else as of yet undefined.
When using natural systems to solve problems,
when soil is used for sludge disposal,

as is done

it is best to understand

as much as possible about the disruptions that may occur,
lest new problems be created in solving old ones.

There is

much to be learned about the effects of sludge application on
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soil microorganisms.

Nutritional benefits gained from sludge

application may be otherwise offset by disturbances

in symbiotic

relationships.
The experiments which follow were meant to determine if
Deer Island sludge was suitable for application to Massachusetts
farmland and to examine the effects of that application on
soil microorganisms that enter into symbiotic relationships
with plants.

CHAPTER

III

MATERIALS AND METHODS

Field Studies at Waltham

In May 1977,

nine 6 x 9 m field plots were established

at the Suburban Experiment Station of the University of Massa¬
chusetts.

The plots were rototilled and soil throughout the

experimental area sampled.

Soil pH and soluble salt content

were determined from saturation extracts
1969).

(USDA Handbook 60

Total nutrient and heavy metal analyses were performed

at the Microanalysis Laboratory of the University by Dr.

G.

Babrowski using a Perkin Elmer Model 403 Atomic Absorption
Spectrophotometer and the procedures outlined in the Perkin
Elmer Manual "Standard Methods"

(1968).

Total N was determined

on an autoanalyzer.
The plots were set up in a random block design and limed
to pH 6.9.

There were 3 different treatments planned with 3

replications of each treatment.
111.1 kg/ha each of N,
4.7 metric tonnes/ha
ha (dry wt.)

P,

K as inorganic fertilizer

(dry wt.)

sludge (?X) .

Treatments were as follows:

sludge

(IX),

(OX),

9.4 metric tonnes/

Prior to sludge application,

soil

was banked around the edges of each plot to prevent runoff.
Tnen anaerobically digested,

irradiated, municipal sludge from

Boston's Deer Island Treatment Plant was applied through a hose
from a disinfested tank truck onto the surfaces of the approPlots.

The IX plots received a single application;
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the 2X
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plots received 2 separate applications of 4.7 metric tonnes/
ha the same day to facilitate penetration of sludge liquids
into the soil.

Several sludge samples were taken during appli¬

cation and sent to Dr.

Mary Beth Kirkham,

Department of Oklahoma State University,
and acid

(.075N mixture of

then of the Agronomy
Stillwater.

.05N HC1 and

. 025N HpSO^)

Total
extrac¬

table elemental analyses of the sludge were done on a Perkin
Elmer Model 403 Atomic absorption Spectrophotometer using the
procedures of Isaac and Kerber

(1971).

determined using the method of Bremner

Total nitrogen was
(1965).

Once the sludge had dried on the surface,
were thoroughly rototilled.
tion,

Two weeks after sludge applica¬

the soil was sampled and sent to Dr.

as described previously.

Kirkham for analysis

At the same time,

the surfaces of

the plots were prepared and seeds of bushbean
L.

'Contender')

were planted.
observed,

and onion

the plots

(Allium cepa L.

(Phaseolus vulgaris

'Sweet Spanish')

Germination and growth of the two crops were

as were disease and insect susceptibility.

were measured as fresh weights in grams.
nutrient content

(Ca,

Cd,

Cu,

Fe,

Yields

Heavy metal and

K, Mg, Mn,

were determined for each species at harvest.

N,

Ni,

P,

Pb,

Zn)

Plant samples

were prepared for analysis by washing briefly in a mild deter¬
gent solution, rinsing in tap water, then finally rinsing twice
•
_
ln ^ changes of distilled, deionized water.
They were then
oven dried at 60°C,

hand ground with a mortar and pestle,

Placed in clean glass vials,

and sent to Dr.

Kirkham for analysis.
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Symbiotic

infection by species

of fungi forming vesicular-

arbuscular mycorrhizae was monitored at weekly intervals
the roots of bush bean early in the growing
roots of onion throughout
that bean root

systems

season and in the

the growing season.

spread out

in

It was

determined

too much after the first

few weeks of growth,

making an accurate assessment of VA in¬

fection impossible.

The amount of VA mycorrhizal

was determined using Phillip's
stain procedure.
microscope;

(1970)

Trypan Blue

The stained roots were observed with a light

per cent

determined as

and dayman's

infection

infected cortical cells

could easily be

the fungus within was readily visible.

Modulation of bush bean roots by naturally occurring rhizobialbacteria was measured at flowering,
reach maximum size.
tops were taken.
in the growing

Fresh weights

of nodules,

roots

and

Yield fresh weights were determined later

season.

Soil pH and soluble salt
tion extracts

(g)

when bean nodules

levels were measured from satura¬

at weekly intervals

from the time of sludge

application until plant harvest.

Soil

the end of the growing season and sent

samples were taken at
to Dr.

Kirkham for acid

extractable analysis.
The same procedures were followed for the field plots
at Waltham in 1978.
an 1977,

the 9 plots

established

3 new plots were added which received no sludge or

chemical fertilizer,
control,

In addition to

called OF.

These provided an absolute

having no additions other than lime.

The plots

that were established in 1977 received the same treatments

35
as the previous year.

Seeds of bush bean and onion were again

planted 2 weeks after sludge application.
was changed from 'Sweet Spanish'

to

The onion variety

'Downing Yellow Globe'

as 'Downing Yellow Globe'is well suited to this geographic
location and is often used in VA mycorrhizal experimentation.
In addition to the 2 week post-application seeding,

a

second late season planting of bush bean was made 60 days
after sludge application.

Bean yields were obtained twice

from the first bean planting to see if there was a difference
in the amount of metals picked up by beans set earlier or
later in the season.

No yield data was obtained for the late

season planting of beans as it was too late in the season for
beans to reach full development before frost kill occurred.
Nodule, root,

and top fresh weights were obtained at flowering.

Soil and plant analyses and symbiotic infection assessment were
as previously described.
Procedures used for soil preparation and sludge application
in

1979

were the same as described for 1977 and 1978,

except

that lime application was not necessary prior to sludge applica¬
tion, as the pH of the plots ranged from 6.8 to 7.0.

Acid

extractable analysis of soil prior to sludge application and
of the sludge applied were made;

total analyses of sludge,

soil

end plant tissues were also obtained as in previous years.
Seeds of 'Downing Yellow Globe'

onions were again planted

two weeks after sludge application and monitored for VA mycornhizal infection throughout the growing season.
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Several changes were made in the legume nodulation part
of the study in 1979.

Because there had been a radical inhi¬

bition in nodulation of bush bean by naturally occurring
Rhizobia,

it was questioned if this same amount of inhibition

would occur if large amounts of rhizobial inocula were present
in the soil to initiate infection.
of Rhizobia were available,
soil at time of planting.

To insure that large amounts

it was necessary to inoculate the
An appropriate strain of Rhizobium

phaseoli (#14482) was obtained from the American Type Culture
Collection, grown in yeast mannitol broth according to Vincent
(1970),

on a shaker at room temperature (24-28°C).

populations reached 1X10

7

to 1X10

8

When bacterial

cells per ml the cultures

were mixed with sterile, neutral perlite and seeded with the
bush beans at planting.

Approximately 250 mis of culture

broth was used per 15 foot row of legume.

Monitoring and

data collection followed procedures described for previous
years.
We also attempted to determine if the same inhibition of
nodulation that was occurring in bush bean would be observed
on other species of legumes.

To insure an adequate supply

of Rhizobial inoculum in the soil,

each legume was inoculated

with it's appropriate ATCC Rhizobial strain as described for
bush bean.

The legumes and their inoculants were:

(Medicago sativa L.

'Vernal') and Rhizobium meliloti (#4399),

Soybean (Glycine max L. Merr.
(#11927),

Alfalfa

'Traverse') and Rizobium j aponicum

and White clover (Trifolium repens L.) and Rhizobium

■tEifolii (#10140) .
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Monitoring and data collection followed procedures
described previously.

Yields for alfalfa and white clover

were determined from top fresh weights at flowering,
they would normally be cut.

when

Final soil samples were taken

at the end of the growing season to be analyzed for acid ex¬
tractable and total elements.

Greenhouse Studies

Effects of timing of sludge application on nodulation of
bushbean.

Clean,

non-sterile Waltham field soil was placed

in 8 inch plastic pots and arranged in the greenhouse.

There

were 7 treatments which included 2 rates of sludge applica¬
tion,

a 350 ml rate corresponding to the 2X Waltham applica¬

tion and a 175 ml application corresponding to the IX Waltham
rate,and 3 different application intervals.

The treatments

were as follows:
Tq350= mis sludge applied 2 weeks prior to planting seeds
T-^350= 350 mis sludge applied the same day as seeds were
planted
T2350= 350 mis sludge applied 8 days after planting seeds
To175= 175 mls sludge applied 2 weeks prior to planting
seeds
T]_175= 175 mis sludge applied the same day as seeds were
planted
T2175= 197 mis sludge applied 8 days after planting seeds
C= control- no sludge was applied to these plots.

38

Seeds of

'Contender'

bush beans were planted in each pot.

Germination and development were observed.

Leaf tissues

were sampled for heavy metal analysis at critical life stages:
first trifoliate,

flowering,

pod set and filling.

Samples

were prepared for analysis as discussed previously.

Top,

root and nodule fresh weights were taken at flowering;
were taken before the experiment was terminated.

yields

Soluble

salt content and pH of soil were monitored weekly from satura¬
tion extracts to make sure they did not approach levels inhi¬
bitory to nodulation.

Soil was sampled for total elemental

analysis prior to sludge application.

Comparison of N source on bushbean nodulation.

'Contender'

bush beans were grown in 8 inch plastic pots of autoclaved
white quartz sand.

Each pot was inoculated with 5 mis of a

72 hour culture of R.

phaseoli.

Plants were watered with a

nutrient solution modified from Hewitt and Smith (1974) which
contained 5 meq/1 CaCl2,

3 meq/1 MgS04,

Kh2P04 and trace elements
and .05 Zn.
distilled,

(in ppm)

3 meq/1 K2S04<

1 Fe .25 B,

.02 Cu,

One set of 36 pots was given 100 mis.

0.2 meq/1
.01 Mo,

per day of

deionized water containing 1 per cent N from NH^NO^;

the other set of 36 pots received 100 mis.

per day of auto¬

claved, homogenized sludge diluted with distilled,
water to 1 per cent N.

deionized

The sludge used in this experiment

was from the same batch as used in the previous one.
of both N sources was adjusted to 6.8.
at flowering.

The pHs

Plants were harvested

Complete root systems were obtained by sub¬

mersing the pots in buckets of water which freed the roots of
the confines of soil and pot.

Root and nodule weights and
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appearance as well as top weights and appearance were care¬
fully noted.

A large quantity of nodules were collected for

heavy metal analysis along with tops and roots.

Liquid vs.

composted sludge effects on onion VA mycorrhizae.

Wooden flats were filled with clean,
soil and placed in the greenhouse.
untreated as a control,

limed,

non-sterile Waltham

One set of flats was

left

a second set of flats was treated

with liquid sewage sludge corresponding to our 2X Waltham
treatment and the third set of flats contained air dried,
screened,

composted sludge called Metroloam,

composted Deer Island sludge.

The compost made up 25 per cent

of the soil volume in the flats.
were oven dried at 60°C,

obtained from

Several samples of Metroloam

then ground with mortar and pestle

for total elemental analysis along with the liquid sludge.
Soil P levels were determined colorimetrically

(Jackson 1958) .

Two weeks after the treatments were set up,

the flats were

seeded with

Soil soluble salt

'Downing Yellow Globe'

onions.

content and pH were measured from saturation extracts at
weekly intervals.

Onions were harvested at 60 days.

root fresh weights were taken,
Phillip's and Hayman's

Top and

then the roots were run through

(1970) mycorrhizal stain procedure.

Morphological development of infection was noted and photo¬
graphed,

and per cent infection of cortical cells estimated.

Phosphorus content of onion tops and roots was determined by
atomic absorption spectrophotometry.

40
Alfalfa- zinc salts nodulation experiments.
were grown in 6 inch flats of clean,

Alfalfa plants

non-sterile Waltham soil

to which had been added Zn as ZnSO^ in amounts approximating
Zn levels round in the Waltham field plots after 3 years of
sludge application.
1.

Treatments were as follows:

one set of flats was left untreated to serve as con¬
trols ,

2.

one set of flats received a liquid sludge application
approximating the 2X Waltham application,

3.

one set of flats received 50 ppm Zn as ZnSO^ mixed
with the soil,

4.

one set of flats received 100 ppm Zn as ZnSO^,

5.

one set of flats received 200 ppm Zn as ZnSO^.

Two weeks after the Zn salts and sludge were mixed with
the soil,

seeds of

of planting,

'Vernal'

alfalfa were planted.

At the time

5 mis of a 72 hour yeast mannitol broth culture

of R. meliloti was pipetted onto the soil around the seeds.
Shortly after germination,

damping off became a problem.

Damage was dramatically greater in flats receiving 100 and 200
ppm zinc.
planted.

New seeds were dusted lightly with Thiram and re¬
The plants were grown for 90 days until they reached

full flower.

Differences in size and development of tops,

and nodules were carefully noted.

Sludge,

soil,

roots

and alfalfa

tops were prepared for total elemental analysis by atomic absorp
tion spectrophotometry.
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Laboratory Experiments

Determining rhizobial growth curves.

Turbidometric measurement

greatly facilitates studies of bacterial growth rates in broth
cultures.

The number of bacterial cells present at a particular

time can be determined quite simply by reading the optical
density at a particular wavelength of the broth culture on a
spectrophotometer and correlating the optical density with
absolute numbers of bacterial cells determined by another method,
in this case,

the pour plate method.

The size of a population

can then be determined simply from the curve developed relating
optical density to bacterial cells per ml of culture solution.
Before beginning laboratory studies on the effects of
sewage sludge on the growth of Rhizobium meliloti,

(chosen as

a representative organism because it grows well in the labora¬
tory and was dramatically affected by sludge application in
the field)

it was necessary to develop a curve relating optical

density of cultures of R.
cells present.

meliloti to the number of bacterial

0.01 ml of a 72 hour culture of R.

meliloti

was added to flasks containing 200 mis of sterile yeast mannitol
broth and placed on a mechanical shaker at 25°-28°C.
aliquots were removed at 12,
hours of growth.

18,

24,

36,

48,

60,

72,

One ml
84 and 96

These 1 ml aliquots were used for serial

dilutions with sterile distilled water.

The diluted bacteria

were then poured onto plates of yeast-mannitol agar,
at 25°C for 72 hours,

incubated

then numbers of bacterial colonies present
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were enumerated.

The optical densities of the dilution series

were determined with a Bausch and Lomb spectrophotometer at 600
nm and a curve relating optical density of the nutrient broth
cultures to the numbers of bacterial cells present was derived.

Making soil and sludge-soil extracts.
sterile Waltham field soil,

Pots of clean,

non-

either treated with sludge approxi¬

mating the 2X Waltham application or left untreated,
bated for 2 weeks in the greenhouse.

were incu¬

They were watered normally

when the soil dried out along with the plants in the greenhouse.
After 2 weeks of such treatment they were processed according
to a modified procedure of Lakshmi et ai.

(1974);

1 kg soil

or sludge-amended soil was mixed with 1 1 of distilled,

de¬

ionized water and autoclaved for 30 minutes at 15 p.s.i..
The mixtures were then filtered with a Buchner funnel and
Whatman No.

2 filter paper.

autoclaved as described,
in the refrigerator.

The resulting filtrate was re¬

sealed in sterile flasks and stored

These extracts were made consistently

from the same lots of soil and sludge.
It is known that heat treatment of soil may generate
toxins,

notably ammonia,

and soil microorganisms

which affects the growth of plants
(Hewitt and Smith 1974).

To insure

that heat treatment was not responsible for some of the
results obtained, milipore filtration was used instead of
autoclaving as a means of sterilization in several experiments
concurrently with media made by the autoclaving procedure.
Using milipore filters of 0.32 micrometers eliminates most
bacteria from solution

(Lamanna et al.

1973).

To make the
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milip°re solution,

1 kg soil or sludge amended soil was

incubated with 1 1 of distilled,
at room temperature.

deionized water for 24 hours

The soil water mixture was agitated

vigorously several times during the incubation period.

The

resulting liquid was decanted and filtered twice with a Buchner
funnel and Whatman No.

2 filter paper.

The filtrate was then

refiltered using a milipore apparatus with 0.32 micrometers
size pore filters,

collected and sealed in sterile flasks and

stored in the refrigerator.
A sample of a few mis was taken from each type of extract
and submitted for heavy metal analysis.
colormetrically using diphenylamine;
using Nessler's Solution

Nitrate was determined

ammonium was determined

(Jackson 1958).

Studies of rhizobial growth in liquid culture..
Growth media determinations.

A series of preliminary

experiments were conducted in which various amendments were
added to plain soil extract

(autoclave sterilization)

in

attempt to create a growth medium in which the rhizobia would
be dependent on the components of the soil solution for most
of their growth requirements yet still grow consistently in
the laboratory.

It was determined that plain soil extract

worked very well as

long as a carbon source was provided.

It

is known that rhizobia can use a wide range of carbohydrates
for growth

(Graham and Parker 1964).

This is to be expected

of an organism that must persist in the soil in the absence of
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its host.

As mannitol is the standard carbon source used for

rhizobia and worked well with soil extract,

it was used as the

energy source for rhizobial bacteria throughout subsequent
experiments.
Growth in soil extract vs.

soil-sludge extract.

Flasks

of soil extract and soil-sludge extract to which mannitol
had been added to make a 1 per cent solution were inoculated
with 0.01 ml of a 72 hour yeast-mannitol broth culture of
Rhizobium meliloti.

The inoculated flasks were placed on a

shaker at room temperature.

At 12 hour intervals,

aliquots

were removed from each of the flasks and their optical densities
at 600 nm determined.
Growth in zinc amended media.

Growth of R.

meliloti in

soil extract + 1 per cent mannitol amended with 50,
200 ppm Zn,

added as ZnSO^.

Inoculation and O.D.

were made as described above above.
of aliquots for O.D.

determination.

100,

or

determinations

Concurrent with the removal
0.01 ml of culture solution

was removed and reintroduced into fresh soil extract + 1 per
cent mannitol flasks and cultured as above.
Sludge effects on the growth of Erwinia carotovora str.
-i^L_in__Li_quid media.
str.

Agar slant cultures of Erwinia carotovora

14 were obtained from the lab of M.

Mount of the Plant

Pathology department at the University of Massachusetts,

Amherst.

This organism is an ubiquitous soil inhabitant like Rhizobium
SPP.

but is often associated with the destruction of fruits and

vegetables by causing a watery rot.

In the laboratory it is
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normally grown in N-broth

(Difco).

This nutrient mixture was

added as a powder at one quarter recommended strength to flasks
of either soil extract or soil-sludge extract.
were autoclaved,

The flasks

then inoculated with bacteria removed from

the agar slant with an inoculating loop.

The flasks were

placed on a shaker and turbidimetry measurements were made at
12 hour intervals as

previously described.

Rhizobial growth on agar plates.
Sludge effects on colony formation.

Agar plates were made

by adding 15 g of agar to 1 liter solutions of soil extract
+ 1 per cent mannitol or soil-sludge extract + 1 per cent
mannitol.
dishes.

The solutions were autoclaved and poured into petri
When the agar had hardened,

72 hour cultures of R.

meliloti were streaked across the surfaces of the plates with an
inoculating loop.
at 25 C.

The plates were then placed in an incubator

Colony development and morphology were noted and

photographed.

Colonies were repeatedly transferred at 72

hour intervals to fresh plates of the same medium.

Colonies

were also transferred back to plain soil extract + 1 per cent
mannitol to see if normal growth patterns would reemerge.
Rhizobial lawn assay.

After autoclaving,

90 mis of liquid

yeast-mannitol agar were cooled to 40°C in a waterbath.

To

this liquid medium was added 10 mis of a 72 hour culture of
-• meliloti grown in yeast-mannitol broth.

This mixture was

Poured into sterile petri dishes and allowed to harden.
solidification,

After

sterile assay discs that had been soaked in

46
either soil extract or soil-sludge extract were placed in the
centers of the Rhizobial lawn plates.
at 25°C.

The plates were incubated

Growth of the bacteria around the assay discs was

observed and photographed.

Aseptic seedling techniques.
Preliminary set up.

Seeds of

'Vernal'

alfalfa were placed

in 2.5 cm square baskets and submerged in concentrated
for 20 minutes until the seedcoats had blackened.

The baskets

were then lifted from the acid and rinsed 3 times in sterile
distilled water.
from the baskets,

Using sterile forceps,

the seeds were removed

placed on petri dishes of water agar,

incubated at 25°C for 48 hours.

and

This procedure resulted in

separate, non-contaminated seedlings with straight 3 to 5 mm
radicals.
The seedlings were transferred to 25 mm test tubes contain¬
ing agar slants made of Van Schreven's
This contained 500 mg K^HPO^,
100 mg NaCl,

(1959)

seedling agar.

500 mg MgSO^-yi^O,

750 mg CaCO^,

and 10 g agar per liter of distilled water.

The

pH was adjusted to 6.9-7.0 by adding drops of IN NaOH or IN HC1
where necessary.

This same nutrient formulation excluding

agar was made up half strength for seedling nutrient solution.
Two ml aliquots of this solution were added to the base of each
slant with sterile pipetts.

Fourty-eight hour alfalfa seedlings

were then placed on the slants with sterile

forceps, with the

tip of each radical just touching the surface of the seedling
nutrient solution.

The seedling solution at the base of each
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slant was

inoculated with 0.1 mis of a 72 hour yeast-mannitol

broth culture of R.

meliloti.

The base of each tube was

wrapped in aluminum foil then placed in a growth chamber at
25°C,

14 hours of light.

The tubes were examined daily for

root hair deformation and infection thread formation.
litate observation,

To faci¬

roots were immersed in dilute aqueous methy¬

lene blue for 30 seconds,

which stained root hairs

and infection threads within dark blue,
cation of Rovira et al.

(1974).

light blue

according to a modifi¬

Ten tubes were observed daily.

Once it was established that seedling growth,

root hair defor¬

mation and infection would proceed normally using these proce¬
dures,

they were modified for use in sludge investigations.

Sludge experiments:

media variations.

The same proce-

cures described previously were used except that soil extract
and soil-sludge extract were used in place of distilled water
in various combinations.

In one set of experiments,

the agar

slants were made with soil extract or soil-sludge extract +
Van Schreven's nutrients and the seedling solution at the base
of the slants was made with distilled water.
of experiments,

In another set

the agar slants were made with distilled water +

Van Schreven's nutrients and the seedling solution at the bases
was made with soil extract or soil-sludge extract.
set of experiments,

In a third

both the agar slants and the seedling

nutrient solution at their bases were made with soil extract
and soil-sludge extract.

All tubes of seedlings were incubated
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and observed as described in the preceding experiment.
Sludge experiments:

inocula variations.

The same

procedures described previously were again used except for
the following changes:

instead of inoculating the seedling

nutrient solution at the bases of the slants prior to placing
the alfalfa seedling on the slant,

inoculation was delayed

until the first true leaf of the plant had expanded.
this stage of growth,

0.1,

0.01,

At

or 0.003 mis of a 72 hour

yeast-mannitol broth culture of R. meliloti was added to the
base of each slant.
described above.

Tubes were incubated and observed as

CHAPTER

IV

RESULTS AND DISCUSSION

Field Studies at Waltham

General growth observations.

The observations of this author

did not begin until July 1977 when she joined the sludge
project.

The field plots had been set up and in Fig.

treated as described,
table species.

1,

and seeded with the appropriate vege¬

Analysis of total elements found in the field

plot soil prior to sludge application are shown in Table 1.
Table 2 is included for comparison purposes.

It can be seen

that Waltham soil did not originally contain atypical amounts
of metals.

According to Auclair

made up of 12 per cent gravel,

(1976),

soil at the site is

40 per cent sand and 48 per

cent silt and is classified as a well-graded,
silt.

gravelly,

sand

The soil also contains 10 per cent organic matter which

is responsible for its rather high cation exchange capacity of
34 meq/lOOg soil.

The fact that the clay content of the soil

is miniscule and not the source of the soil’s CEC is important
when considering how permanently heavy metals added in sludge
will be kept unavailable to plants.
Analyses of total elements in sewage sludge applied in
1977,

1978,

and 1979 are presented in Table 3.

Table 4 is a

compilation of 0.1N acid extractable elements for the same
sludge.

Acid extractable elements are considered by some

(Berrow and Weber 1972)

to be better indicative of elements
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Fig. 1.
Design of sludge field plots at the Suburban
Experiment Station, Waltham, Massachusetts.
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TABLE 1
Analyses of total elements found in Waltham field plot soil
prior to first sludge application, 1977

element

concentration21

0.21

Ny

p

230

K

310

Cay

0.56

Mgy

0.42

Cu

12

Ni

7

Zn

42

Cd
Pb
PK
sol.

salts2

all figures ppm unless indicated

y
z

per cent dry weight
figures in mmhos/cm

0.8
23
6.5

0.8
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TABLE 2
V
z
Total concentrations-7 of trace elements
soils and plants

cone.
common

element

6

As
B

10

Cd

0.06

typically found in

in soils

cone,

range

normal

0.1 - 40

0.1 -

2 -

30 -

100

0.01 -

7

0.2

75

-

1.0

-

3000

0.2 -

Cu

20

2 -

100

4-15

Pb

10

2 - 200

0.1 -

Mh

850

100 - 4000

15

Ni

40

10 -

1000

Zn

50

10 -

300

2

all figures ppm

-

>20
10

-

100

-

1

cited in Guarciariello

-

>75

0.8

5 -

15

-

-

100

(1968),

toxic
5

Cr

yfrom Allaway

in plants

>50
200

(1976)

>200
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TABLE 3
Total elements
plot soil

applied in sewage sludge to Waltham field

lement
N

1977

1978

1979

28,600

29,246

40,400

5,700

7,100

26,293

35,000

27,944

31,000

P

-

K

9,310

Na

-

Ca

24,400

31,600

24,000

Mg

13,600

7,240

4,000

Cu

121

975

Ni

452

418

231

Zn

407

2,700

3,000

Cd
Pb

all figures ppm

•

13.4
272

29.3
420

.

950

61
692
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available to plants.

It can be seen from comparing Table

3 with Table 4 that with the possible exception of Cd,

there

is little correlation between total elemental content and acid
extractable elemental content.

Patterson

(1971) presents data

which show that percentages of trace elements extracted from
sludges are not necessarily related to their concentrations.
Page (1974)

suggests that the wide variation in acid extractable

trace elements indicates that the forms of the elements vary
in kind and proportion in sludges.
Kirkham 1978)

Table 5

(modified from

is included to illustrate the wide range in sludge

metal content normally occurring.

No element found in the Deer

Island sludge exceeded typical concentrations.
The first actual field observations were made,when the
bean and onion plants were 2 weeks old.

At this early stage,

distinct differences in germination between treatments were
clearly visible.

Germination in the 2X plots was radically

inhibited in both bean and onion.
served in the IX plots,

This phenomenon was also ob¬

although to a lesser degree.

Other

vegetables grown on the field plots that were not directly
involved with the symbiont study also showed this inhibition
quite dramatically, notably lettuce.
This inhibition of germination was again observed in bush
ean and onion m 1978 and 1979,
and alfalfa grown in 1979.

and in soybean, white clover,

The OF plots,

added in 1978 and 1979

vide an absolute control as they received no chemical
izer or sludge application,

behaved similarly to the OX
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TABLE 4
0.1N acid extractable elements-^ in sludge applied to Waltham
field plot soil
element

1977

1978

1979

Nz

3.33

1.34

2.56

Pz

0. 78

0.26

0.59

K

74.0

7.4

32.9

Ca

582.0

1,032.0

725.6

Mg

127.0

1,017.0

252.0

Ni

3.8

11.0

90.0

Cu

33.3

42.6

27.0

Zn

47.1

29.0

56.0

Mn

6.8

12'. 0

4.0

Fe

24.5

27.9

145.0

Pb

44.5

5.4

66.0

Cd

1.2

9.5

10.0

y
all figures ppm unless indicated
z
Per cent dry weight
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TABLE 5
Ranges of total elements
sludges

element

X

most commonly analyzed for in

range

N

24,000 -

31,000y

P

27,000 -

61,000y

K

12,000 -

19,000y

Ca

42,000 -

180,000y

Mg

8,000 - 12,000z

B

-

6 - l,000z

Cr

20 - 40,615z

Cu

52 -

Fe

8,000 - 78,000y

Mn

60 - 3,8612

Mo

2 - 1,0002

Ni

10 - 5,300z

Pb

15 - 26,000z

Zn

72 - 4,900z

11,700z

x
all figures ppm
y
(1975)

2
from Page

(1974)

as presented by Kirkham

as presented by Kirkham

(1978b)
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plots.

This germination inhibition following sludge application

has been documented by many (Lunt 1958,
Wollan et al.
Sosewitz

1978).

Sabey and Hart 1975,

Most authors concur with Hinesly and

(1969) who attributed the inhibition to high levels

of ammonia present in the soil immediately after sludge appli¬
cation.

They also found that inhibition decreased as the time

interval between sludge application and planting increased.
This is supported by Waltham data from 1978.
sludge application,
all plots.

Two months after

a second seeding of bush bean was made in

There were few differences in germination between

the plots and the young bean plants in each looked similar.
As the growing season progressed,

trends that developed

initially as the seeds germinated continued.

There was an

increase in size of the plants from the 2X to IX to OF or OX
plots.

Onion in particular seemed very sensitive to sludge

application.

Figs.

2 and 3 clearly show growth differences

between the OF and the 2X plots.

Onions are known to be sensi¬

tive plants which show visible response when growing conditions
are not optimal.

Onions in the OF plots actually grew better

than those in the OX plots.
in the soil.

This may be the result of excess

Waltham soil was already high in P (Auclair 1976)

and contained adequate P to grow a crop without fertilization
(see Table 1).

The addition of 111.1 kg/ha P as inorganic

fertilizer may have been sufficient to cause stunting due to P
excess

(Mosse 1973).
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Fig. 2.
field plots.

Onions grown in OF plots,

age 60 days, Waltham

60

• #'

r
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Fig. 3.
field plots.

Onions grown in 2X plots,

age 60 days, Waltham
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As can be seen from Table 6,

top,

root and bulb fresh

weights were significantly smaller for onions grown in the

2x plots for all 3 years.

The IX onions were also reduced in

size but did not differ significantly from the controls.

By

the third year of sludge application it was becoming difficult
to establish a stand of onions

in the plots that received the

2X applications annually.
The same growth trends observed in onion were also observed
in bush bean.

Differences in growth between treatments could

be seen even more clearly than in onion because beans are annuals
with very short life cycles.

Any substantial differences in

growth rate result in bean plants in different plots being at
different developmental stages.

In general,

the OF and OX
*

plots were 1 to 2 weeks ahead of the 2X plots developmentally
with the IX plots intermediate of the two extremes.
plants were completing their fourth week of growth,

When the
the OF and OX

plants were putting out second and third sets of trifoliate
leaves and tiny flower buds were in evidence.

Plants in the 2X

Plots had only their first set of trifoliates expanded.
6 weeks of age,

At

the OF and OX plants were vigorously flowering

and setting pods;

the 2X plants were just beginning to flower,

Wlth most plants at the tight bud stage.

It can be seen from

iable 7 that sludge application consistently reduced the size
plant tops at flowering with differences between plots in¬
creasing with each successive sludge application.

Fresh weights
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TABLE 6
X

V

Fresh weights
of onion tissues-7 from Waltham field plots
1977, 1978, 1979

treatment

tops

bulbs

roots

age - 120 days

1977
OX
IX
2X

57.33 a
49.23 a
41.31 b

1978

z

66.92 a
52.78 b
40.31 c

2.32 a
1.55 b
1.06 c

age - 120 days

OF
OX
IX
2X

58.41
62.35
54.90
32.91

1979

a
a
a
b

53.94
56.35
51.40
32.65

a
b
ab
c

1.96
2.16
2.09
0.91

a
a
a
b

2.19
1.74
1.79
0.67

a
b
b
c

age - 100 days

OF
OX
IX
2X

28.50
28.86
25.92
17.64

a
a
a
b

30.61
29.26
28.43
20.01

a
a
a
b

fresh weight in g

y

average of 3 replications,

10 plants per replicate

mean separation within columns by Duncan’s Multiple Range
^

\F

0•0j)
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of the roots were also reduced but not to the same extent as
the tops.

Bean yields were dramatically reduced by the 2X

application (Table 7).
second,

No yield results were obtained for the

late season planting of bean as the growing season

was ended by a killing frost before the beans were mature.
The same effects were seen quite dramatically in the 3
other species of legumes planted in 1979.

Growth of white clover

and soybean in the 2X plots was so poor that it was difficult
to obtain a stand of plants large enough to sample.
can be clearly seen by contrasting Fig.

Differences

4 which shows rows of

soybean and white clover growing in a 2X plot, with Fig.
which shows corresponding rows from an OF plot.

5

Bush bean

and alfalfa appeared more sludge tolerant than the other 2
species;
p ots

they both formed thick,

(Fig.

6).

healthy looking rows in all

xheir likeness was merely superficial,

Alfalfa plants were considerably behind developmentally,
already discussed for bush bean.
seen from Fig.

however.
as

Size differences can be clearly

7 which contrasts 6 alfalfa plants from the 2X

plots with 6 from the OX plots.
j-resh weights for soybean,

Table 8 shows the top and
alfalfa,

and white clover.

ThS 1X slud§e application did not affect growth very much and
seemed to be a more acceptable application level for these
Particular crops.

The 2X application reduced plant size and

yield in every case.
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TABLE 7
X

weights of bush bean tissues
at flowering, and edible
bean yield^, Waltham field plots, 1977, 1978, 1979
Fresh

treatment

yield

roots

nodules

20.23 a
20.63 a
18.84 a

0.258 a
0.133 b
0.035 c

223.81 a
200.61 b
116.55 c

a
b
c
c

0.552
0.370
0.025
0.610

a
b
c
c

279.41
223.76
237.32
167.35

tops

1977
OX
IX
2X
1978

1978
OF
OX
IX
2X

first planting
142.67
124.75
118.93
116.14

a
a
a
b

22.76
20.21
15.38
14.02

a
a
a
b

CTJ rJQ

OF
OX
IX
2X

136.73 az
126.54 a
108.73 b

second planting
111.92 a
112.98 a
111.07 a
80.29 b

13.08
11.84
12.41
10.03

b
ab
b
a

0.215
0.177
0.116
0.021

a
a
b
c

127.63
129.40
116.15
77.80

17.63
17.93
14.41
14.24

a
a
b
b

0.334
0.197
0.044
0.019

a
b
c
c

—

—

—

-

1979
OF
OX
IX
2X

a
a
b
c

270.21
286.76
192.40
147.35

a
a
b
c

fresh weight in g
average of 3 replications,

10 plants per replicate

no yield was obtained for the second planting in 1973 due to
rrost injury
niean separation within columns by Duncan's Multiple Range
Test (p = o.05)
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Fig. 4.
Rows of soybean (left) and white clover
from 2X plot, Waltham, 1979.

(right)
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Fig. 5.
Rows of soybean (center) and white clover (far
right) from OF plot, Waltham, 1979.
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Fig. 6.
Alfalfa (right)
OF plot, Waltham, 1979.

and bush bean (left) growing in

72
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Fig. 7.
Comparison of size of 6 alfalfa plants from OX
plot (left) and 2X plot (right).
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snii symbiont interactions.

At both application rates,

amend¬

ment of soil with sewage sludge resulted in inhibition of Rhizobium nodulation of bush bean in all 3 growing seasons
7).

(Table

There was also a slight reduction of nodulation in the

plots which received 111 kg/ha of N, P, K as inorganic fertili¬
zer (OX) which became evident in 1978 when the OF plots were
added.

The inhibition in nodulation seen in the non-inoculatea

beans in 1977 and 1978 was again seen in 1979 when large amounts
of rhizobial inocula were added to the soil.

There was not a

large difference in the amount of bean nodulation between con¬
trol plots that were not incoulated in 1977 and 1978,

and

control plots that received large amounts of inocula in 1979.
This suggests that the amount of naturally occurring rhizobia
in Waltham soil is adequate for effective bean nodulation.

It

has been shown that the number of nodules on a legume plant
bears little relation to the size of the rhizobial inoculum
available beyond a certain threshold level
1929).

Purchase and Nutman (1957)

(Lim 1963,

Thornton

support the theory of the

dominant role of the plant in determining infection.

They

believe legume roots contain discrete foci which may become
nodules;

once these are infected, new nodule formation ceases,

although some root hair infection may continue.

In the Waltham

plots, nodules on plants receiving the 2X sludge treatment were
few in number,
scalpel.

small,

and white within when sliced with a

Nodules on plants grown in the OF or OX plots were

-arge,convoluted,

and conspicuously red within.

Nodules on
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TABLE 8
Fresh weights11 of legumes grown in Waltham field plots 1979
treatment

tops

roots

nodules

alfalfav
OF
OX
IX
2X
w.

3.961
4.463
4.501
2.888

ay
a
a
b

0.864
0.810
0.920
0.571

ab
a
b
c

0.061
0.043
0.037
0.005

a
b
b
c

4. 772
5.504
4.280
3.061

a
b
a
c

0.819
0. 658
0.540
0.447

a
ab
b
b

0.064
0.049
0.049
0.012

a
a
a
b

a
ab
b
c

3.611
3.024
3.406
2.212

a
a
a
b

cloverw

OF
OX
IX
2X
soybeanx
OF
OX
IX
2X

32.093
28.771
25.072
13.437

z

rresh weight in g
v
average of 3 replications,

10 plants per replicate

average of 3 replications,

10 plants per replicate

average of 3 replications,

6 plants per replicate

w
x

Test (pPfroCo5) With columns by Duncan's Multiple Range

2
no n°dulation occurred on soybean
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plants grown in the IX plots were highly variable.
plants contained no nodules or at best,
white ones,

Some

a few sparsely scattered

while others had nodules similar to ones on OX

or OF plants,

although far fewer in number.

The same inhibition of nodulation seen in bush bean was
also observed in the three other species of legumes grown in
the Waltham plots

in 1979

(Table 8).

Figs.

8 and 9 contrast

a well nodulated root system of an alfalfa plant grown in an OF
plot with one from a plant grown in a 2X plot that is essentially
devoid of nodules.
Soybean did not nodulate in any of the plots until very
late in the season.

The OF and OX plants contained a few nodules,

close to the tops of the root systems.

Rhizobium japonicum is

different taxonomically from the other three species of rhizobia
used in that it grows much more slowly and is more fastidious
in its growth requirements

(Graham and Farker 1964).

It is

likely the cultivar of soybean used was not compatible with the
strain of Rhizobium j aponicum selected.
For the first 2 years of this study,

it was impossible to

determine why this nodulation inhibition was occurring.
spite of the highly variable nature of sewage sludge
^976,

Sommers et al.

1976)

In

(Furr et al.

the inhibition occurred in 3 conse¬

cutive years so was due to some consistent component of the
sludge and not some unusual toxin present intermittently.
Soluble salts and pK were measured at weekly intervals
throughout the growing season for all 3 years.

pH did not drop

Fig. 3.
Well nodulated root system of an alfalfa plant
rown in an OF plot.
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so

Fig. 9.
Root system of an alfalfa plant grown in field
plot receiving 2X sludge application, devoid of nodules.
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below 6.5 at any time and after 3 years remained close to 7.0.
Therefore,
maximum

pH remained well within the range suggested for

nodulation (Munns 1968).

Soluble salts remained below

levels causing injury to the most salt sensitive plants

(USDA

Handbook 60 1969).
The second or late season planting of bush bean for which
no yield was obtained was made to determine if some volatile
inhibitor (Wollan et al.

1978) might be present early in the

post-sludge application period that was causing the inhibition.
Early season germination inhibition has been previously discussed.
It is true that ammonia volatilization may be responsible for
part of the inhibition seen in the sludge plots;

however,

three

months after sludge application there was still considerable
inhibition of nodulation (Table 7),

for which ammonia could

not be responsible.
Analyses of acid extractable and total soil elements
at the end of the growing season in 1977 showed little change
m elemental content except for a slight accumulation of Zn
and a beneficial increase in soil K in the 2X plots
9 and 10).

(Tables

Acid extractable analyses after 2 years of sludge

application shows the same accumulation of Zn and K (Table 11)
Analysis of soil total elements after 2 years of sludge appli¬
cation is quite different, however (Table 12).
bi,Cu,

and Zn are evident.

Increases in soil

The soil Zn content in the 2X

PIots is approaching the upper range of Zn found in soils

2).

(Table
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Analyses of acid extractable elements

(Table 13)

after

3 years of sludge application again showed little increase
in available metals to plants.

It is possible that the addition

of more organic matter from sludge application to a soil already
high in organic matter keeps the metals tied up and unavailable
to mild acid extraction.

Analyses of total elements

(Table 14)

again show much higher metal levels than the acid extractable
analyses would indicate.

Table 14 shows total Cu content of

the 2X plots exceeding the range of Cu found in natural soils
(Table 2).
levels.

At 126 ppm,

Cu has reached serious contaminant

Total Zn content of the plots has not changed appre¬

ciably from the previous year but remained at very high levels.
Many authors

(Page 1974,

Purves 1972) point out that Cu

and Zn are essentially immobile in the soil and most of what
is applied remains within the depth of cultivation.

The data

on metal concentrations in Waltham soil illustrates the need
for caution when monitoring metal levels in sludge amended soil.
Acid extraction may actually show decreases in metal concentra¬
tions as organic matter is added with sludge, while in fact
soil heavy metal content is steadily increasing.

Exhaustion

of the metal holding capacity of the soil coupled with decompo¬
sition of organic matter and subsequent metal release may result
in sudden,
to plants.

large increases in the amount of metals available
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TABLE 9
Total elements
found in Waltham field plot soil prior to
sludge application, 1978

element

0.29

0.29

Py

0.27

0.20

0.25

Cay

0.51

0.63

0.59

Mgy

0.50

0.42

0.44

378

392

427

Cu

15

22

29

Ni

5

7

12

Zn

29

51

62

Pb
PH
salts2

0.8
23

^per cent dry weight

.

tigur e s in mrnho s/cm

1.2
29

1.6
34

6.7

6.9

6.7

2.0

2.4

1.6

all figures ppm unless indicated

r

2X

0.26

Gd

2

IX

Ny

K

sol.

OX
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TABLE 10
0.1N acid extractable elements^ found in Waltham field plot soil
prior to sludge application, 1978

OX

IX

2X

N0,N

340

290

350

P

187

282

310

K

111

109

202

Ca

2,100

2,400

3,000

Mg

426

490

550

element

1.

iln

20. 6

18.4

21.

Cu

0.5

1.2

2.

Ni

2.0

2.6

3.

Zn

10.4

14,2

14.

Cd

0.5

0.5

0.

pH

6. 7

6.9

6.

2.0

2.4

1.

salts2

y
all figures ppm
2

r

.

t igur e s m mmho s / cm
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TABLE 11
0.1N acid extractable elements^ found in Waltham field
plot soil prior to sludge application, 1979
element
NZ

OF

OX

IX

2X

-

-

-

-

P

264.0

268.5

269.0

268.0

K

153.8

127.4

176.7

226.6

Ca

1,866

1,859

1,670

1,635

Mg

989

985

984

988

Cu

2.2

2.0

2.5

3.0

Ni

4.0

3.7

4.1

4.0

Zn

4.6

4.7

9.6

14.7

Cd

1.5

1.‘5

1.6

1.9

Pb

3.6

4.4

3.3

3.6

^all figures ppm
2

no N analysis was provided

TABLE 12
Total elements'* found in Waltham field plot soil prior
sludge application 1979
element

OF

OX

IX

2X

Ny

0.21

0.19

0.23

0.30

py

0.23

0.21

0.21

0.21

cay

0.58

0.55

0.60

0.49

Mgy

0.35

0.28

0.36

0.29

310

350

380

590

Cu

8

32

53

68

Ni

6

9

10

15

Zn

29

105

165

245

K

Cd

1.0

1.1

1.2

1.1

Pb

32

pH

6.8

6.9

6.9

6.9

1.2

1.4

2.0

2.4

sol. salts2

36

all figures ppm unless indicated
^per cent dry weight
z
figures in mmhos/cm

40

49

88

TABLE 13
0.1N acid extractable elements2 found in Waltham field plot
soil after 3 years of sludge application

z

lement

OF

OX

IX

2X

NOoN

53

62

59

118

P

246

246

247

247

K

341

362

500

379

Ca

1,880

1,720

1,540

1,420

Mg

276

255

218

226

Cu

0.5

0.9

1.8

2.6

Ni

0.5

0.4

0.3

0.6

Zn

0.8

0.8

0.9

0.9

Cd

0.5

0.5

1.3

1.0

all figures ppm

TABLE 14
Total elements
found in Waltham field plot soil after
years of sludge application
element

OF

OX

IX

2X

N-y

0.29

0.27

0.25

0.30

py

0.25

0.23

0.23

0.28

cay

0.50

0.52

0.56

0.56

Mgy

0.40

0.44

0.41

0.47

K

365

386

401

416

Cu

23

44

41

126

Ni

24

26

22

23

Zn

52

73

75

253

Cd
Pb
pH
sol. salts2

0.8
31

1.2
39

1.0
29

1.5
51

6.8

6.5

6.5

6.5

1.6

2.0

2.0

2.5

all figures ppm unless indicated
■^per cent dry weight
z
figures in mmhos/cm
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Table 15 presents analyses of bean tissues
growing seasons.

Analysis of bean tissues

2 years showed little metal accumulation.

for all 3

for the first
Zn,

Pb,

and Cd,

increased slightly but remained at levels below those
causing concern.

Although analysis of soil Zn shows accumu¬

lation to nearly toxic levels,

the metal is evidently tied

up in a form unavailable to plants.

Not until

1979 do metal

levels in the bean tissues reflect metal concentrations
the soil.

Both Cu and Zn in 2X plots accumulated to levels

considerably higher than in the control plants
roots,

in

and seeds.

Cu concentrations

levels known to be toxic

(Table 2).

in bean tops,

in all bean parts exceeded
The other 3

legumes

planted in 1979 also accumulated high levels of Cu and Zn
(Table 16).
The variation seen in growth responses of the various
legumes to the different treatments,

discussed previously,

was also evident in their metal contents.
the most Cu;

Alfalfa accumulated

its Zn levels remained moderate.

white clover also accumulated Zn.

Soybean and

Most of the Zn applied

remained in the roots of white clover,

but was much more mobile

in soybean,

accumulating in the tops and the seed.

discussed,

it is unusual for seeds to accumulate heavy metal

concentrations similar to foliar tissue.

As previously

Most metals will be 3

to 10 times lower in seeds than in foliage or roots.
are exceptions,

however;

There

some plants are called accumulators

because they do not follow normal heavy metal uptake patterns
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TABLE 15

Analysis of edible tissuesx of bushbean from Waltham field
plots 1977,

1978,

y
Ny

pk

4.41
4.57
4.32

. 60
.57
.57

3.47
3.37
3.29

.54
.52
.50

treatment

1979

Ca?

Mgy

Mn

Cu

Zn

Pb

Cd

1.05
1.24
1.57

.12
. 10
.14

.15
.17
. 19

12.8
12.5
16.0

2.57
3.73
2.47

46.3
46.5
52.9

23
19
28

1.0
0.9
1.2

2.26
2.50
2.37

. 62
. 68
. 63

.33
.31
.31

26.6 10.7
24.7 10.0
27.6
8.6

42.2
53.2
47.3

14
11
16

1.0
1.1
1.6

22.5 12.41
22.2
8.96
26.3 19.4

41.3
44.0
54.3

22
15
26

1.2
0.9
1.4

26.8 21.2
23.1 16.6
24.3 20.8

44.0
45.6
47.3

18
22
31

1.0
1.0
2.0

29
30
42
69

22
36
36

1.1
1.3
0.7
2.4

56
69
68
94

21
26
29
31

0.5
0.7
1.2
2.1

56
69
68
94

21
26
29
31

0.5
0.7
1.2
2.1

1977
hard bean
OX
IX
2X
bean pod
OX
IX
2X

1973
bean & pod
OX
IX
2X

3.35
3.57
3.77

first harvest
.53
.57
.57

1978
bean & pod
OX
IX
2X

2.54
2. 69
2.51

.36
.36
. 96

.41
.40
.41

second harvest

3.68
3.53
3.38

.53
. 64
.56

5.32
5.22
5.44
6.09

z

2.31
2.53
2.16

.73
. 71
. 66

.35
.36
.38

1979
tops
OF
OX
IX
2X

—

—

—

-

-

-

-

-

-

-

-

-

-

-

-

—

—

—

-

-

-

-

—

—

-

11
9
12
35

r~

D

roots
OF
OX
IX
2X

2.46
1.93
2.32
2.46

-

-

bean
OF
°X
IX
2x

3.28
3.02
2.61
3.01

-

-

-

n

-

-

0
14
22
29
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TABLE 15,

xall figures ppm unless

continued

indicated

yper cent dry weight
zdue to limited analysis facilities,
1979

this data unabailable for
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TABLE 16
Analysis of legumesx,
field plots, 1979

excluding bush bean, grown in Waltham
Cu

Zn

Pb

Cd

4.63
4.93
4. 96
4.55

8
8
8
39

30
37
38
55

23
10
22
28

0.8
0.9
Q, 9
1.0

1.86
1.96
1.65
1.64

17
27
18
26

30
41
46
41

18
24
34
39

0.9
0.9
0.9
1.0

3.87
4.55
4.15
3.56

17
20
20
22

35
34
41
51

18
12
16
18

0.5
0.7
0.8
0.9

3.01
3.67
3.50
3.12

36
51
67
59

42
63
105
146

11
18
17
20

0.2
1.0
2.0
6.0

5.73
6.01
5.98
5.70

14
14
20
21

44
49
75
137

25
24
27
26

0.9
2.0
0.9
3.0

2.13
2.40
2.45
1.84

44
25
36
31

27
31
42
53

38
14
11
23

0.7
0.6
2.0
3.0

Alfalfa
tops
OF
OX
IX
2X
roots
OF
OX
IX
2X
W. Clover
tops
OF
OX
IX
2X
roots
OF
OX
IX
2X
Soybean
tops
OF
OX
IX
2X
roots
OF
OX
IX
2X
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TABLE 16,

continued
Cu

Zn

Pb

Cd

14
15
12
15

52
49
64
90

4
4
3
5

0.8
0.9
0.9
2.0

Soybean seed

OF
OX
IX
2X

3.69
2.82
1.95
1.85

xall figures ppm unless indicated

y per cent dry weight
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and concentrate more metals than would be expected in their
tissues.

Soybean may well be considered an accumulator and

unsuitable as a crop for sludge amended soil.

Unfortunately,

no symptoms of acute Cu or Zn excess was observed in the foliage
of any of the legumes except for generalized stunting which
could result from other factors as well as heavy metal excess.
Hewitt and Smith

(1974)

describe Zn and Cu toxicities as yellow-

green interveinal choloses resembling Fe defficiency,
by stunted growth.

The stunting observed in the Waltham plots

may have been indicating that heavy metals
approaching damaging levels,
in sludge farms

accompanied

in the soil were

as this has been known to occur

in Europe where metal levels

very high due to years of sludge application

in the soil were
(Leeper 1978).

Perhaps if sludge application to the plots had continued for
several more years,

the acute symptoms of chlorosis may have

developed.
Although information on the specific effects of metal ions
in the soil in rhizobial bacteria is

lacking,

known that elevated levels of heavy metals
are injurious to rhizobia

(Fred et al.

Wilson and Reisenauer 1970).
(1977)

it is generally

in the soil solution

1932,

Vincent 1977,

A study by Lasik and Gordiyenko

indicated that heavy metals in the soil solution may

complex bacterial polysaccharides and in this way inhibit
bacterial growth.

Rhizobial bacteria produce abundant poly¬

saccharides which are known to play a role in the recognition
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of a suitable legume host
Ljunggren

(1968)

(Broughton 1978).

Fahraeus and

postulated that rhizobia capable of infecting

a legume release a polysaccharide which induces pectolytic
activity in to host root,
facilitating infection.

loosening the root hair tip and
It is possible that elevated metals

in the sludge plots may be causing chelation of bacterial
polysaccharides,

rendering the rhizobia unable to recognize

and infect a host legume when in its presence.

Another

important role of rhizobial polysaccharide has been proposed
by Lim (1963),

based on Nilsson's

(1957)

theories.

She says

the capacity of rhizobia to become dominant in the rhizosphere
may be involved with its ability to produce abundant slime
(polysaccharides) ,

thus modifying the rhizosphere so it is

less suited to competitor microorganisms.
Another partial explanation for the nodulation inhibition
observed may be nutritional effect from the N applied with
the sludge.

Many studies

and Hume 1972)

(Alios and Bartholomew 1959,

Johnson

have shown decreasing symbiotic nitrogen fixation

with increasing levels of N in the soil.

However,

symbiotic

fixation does not supply all N needed for maximum growth.
Harper

(1974)

has confirmed that both inorganic and symbiotically

fixed N are needed for highest yield and maximum growth.
and Hume

(1972)

applied 280 kg/ha NH4N03 as

and still had well nodulated soybean plants.
al-

(1956)

stress

and fixation,

Johnson

inorganic fertilizer
Richardson et

that although combined N depresses nodulation

its depressing effects will vary depending on
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the concentration and the rate of carbohydrate synthesis.
It is believed the basis of inorganic N suppression of nudulation lies in the carbon to nitrogen ratio in the legume plant.
With large amounts of inorganic N available, most plant carbo¬
hydrates will be tied up in the protein forming processes.
If the C:N ratio falls too low,

there will be an inadequate

supply of carbohydrates to the roots which will deprive the
rhizobial bacteria of the photosynthate they need for nitrogen
fixation,

a highly energy comsumptive metabolic process

(Bergersen 1961,

Burns and Hardy 1975).

There is much concern about how much inorganic N will
be present in the soil at varying intervals after sludge
application because of the danger of contamination of surface
and ground waters by NO2 and NO^.

Some of the information

gathered to monitor nitrite and nitrate pollution potential
of sludge application may be used to estimate how much inorganic
N is being supplied to legumes growing in sludge amended soil
and subsequent effects on nodulation.
Sludges typically contain 1 to 6 per cent N,
organic form,

part in inorganic form (EPA 1976).

N ln anaerobically digested sludge,

part in
Inorganic

as from Deer Island,

exists as 30 to 60 per cent NH^, with the remaining inorganic
N as varying concentrations of NC>3 and N02

(EPA 1976).

The

maJor portions of sludge organic matter exists as ether soluble
compounds such as lipids and grease,
emicellulose and lignin,

fibers like cellulose,

and proteins.

By far the largest
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portion of N in anaerobically digested sludge is ammonia or
ammonium (NH^+).

In a surface application where sludge is

allowed to dry on the surface before incorporation,

30 to 100

per cent of the NH^+-N will be lost by surface volatilization
(EPA 1976).

Beauchamp et al.

NH^N in their sludge,

(1978)

found 60 per cent of the

amounting to 150 kg/ha, volatilized in

5 days of moderately warm weather in May, with maximum volati¬
lization occurring at midday.

Their conditions were very

similar to those under which the sludge in this study was
applied.

N in organic form is not lost during surface appli¬

cation but is initially unavailable to plants.

Epstein et al.

(1976) and Chromec and Magdoff (1977) found that organic matter
in sludges stabilized by digestion yield mineralization pat¬
terns similar to native soil organic matter.

Many estimates

of the mineralization pattern for organic matter in sludges
have been made

(Beauchamp et al.

1977, Epstein et al.
1973).

1978,

1978,

Chromec and Magdoff

Kelling et al.

1977c,

Ryan et al.

Estimates vary from 15 to 50 per cent of sludge organic

matter mineralizes the first year after application,

then de¬

creases to about 50 per cent of what remains each succeeding
year.

The total amount mineralized is a function of the rate

°f sludge application and time of incubation,

as well as soil

texture, moisture and temperature.
The sludge used in this study averaged about 2.5 per cent
V

At this level approximately 117 kg/ha total N was being
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applied to the IX plots,

and about 234 kg/ha total N was

being applied to the 2X plots.

Even if all the N in the

sludge were immediately available for plant consumption
with no volatilization losses,

the amount of N added was well

below levels that might have caused the radical nodulation
inhibition seen in the sludge plots
Griswell 1976,

(Dean and Clark 1977,

Harper and Cooper 1971,

Johnson et al.

1975).

Adding 111 kg/ha N as inorganic fertilizer to the OX plots
added more available N to the soil than sludge application in
the IX plots without the corresponding nodulation inhibition.
Nitrogen analysis of bean tissues at the end of the growing
season (Table 15)

showed no difference in N content between

plots, which also indicated excess N was not the cause of the
inhibition.
Sludge application inhibited VA mycorrhizal infection
in onion by Glomus spp.
3 growing seasons,

2 to 4 weeks after planting in all

at both application rates

(Table 17).

Initial infection in the OX plots for 1977 and 1978 was approx¬
imately 40 per cent and increased to 70 per cent in 1977 and
50 per cent in 1978.
initially very low,
followed,

In 1979,

infection in the OX plots was

then increased steadily in the month that

attaining 80 per cent infection for the rest of the

growing season.

Mycorrhizal infection in all treatments

remained much lower in 1978 than in 1977 or 1979.

Environmental

conditions such as temperature or rainfall may have favored
m0re extensive fungal infection in 1977 and 1979,

because all
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TABLE 17
Infection of onion roots^ by fungi forming VA rnycorrhizae,
Waltham field plots, 1977, 1978, 1979

1977
OX
IX
2X

4

11

18

25

a
a
b

70 a
60 a
64 a

70 a
60 a
64 a

70 a
60 a
65 a

50 a
30 ab
20 b

50 a
30 ab
25 b

50 a
30 ab
28 b

50 a
30 ab
28 b

80 a
55 b
10 c

80 a
55 b
10 c

80 a
60 b
20 c

80 a
60 b
30 c

28

14

21

38 az
10 a
4 b

45 a
10 b
4 b

60 a
52 a
21 b

AuS70
65 a
60
58 a
52
30 b

40 a
10 b
2 b

45 a
10 b
2 b

50 a
28 ab
5 b

50 a
30 ab
12 b

15 a
10 a
10 a

40 a
20 b
10 b

65 a
20 b
10 b-

80 a
20 b
10 b

July 7

1978
OX
IX
2X
1979
OX
IX
2X

^average of 3 replications of each root,
15 root tips per plant
z

5 plants per plot,

mean separation within columns by Duncan's Multiple Range
Test (p = .05)
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other experimental conditions remained the same for 3 years.
In 1979,

infection in the IX plots remained low (20 per cent)

early in the growing season,

but reached levels similar

to 1977 IX plots after 4 weeks of growth.

Infection in

1979 in the 2X plots remained at 10 per cent for most of the
growing season.

The 2X plots in 1979 failed to show the lag

phase followed by a rapid increase in infection that had been
characteristic of both IX and 2X plots the previous 2 years.
The amount of infection in the 2X plots decreased with each
successive sludge application.
The same hypotheses explaining the nodulation inhibition
observed in legumes may be applied to the inhibition of VA
mycorrhizae, with modification.

It is well known that many

metal ions are inhibitory to fungal growth;

indeed, metal

toxicity is the basis of many common fungicides used against
fungal plant pathogens.

There are few reports of the effects

of metals on VA mycorrhizal fungi

(Aldon 1975) but it is possibl

that metals added by sludge application are exerting fungicidal
°r at least fungistatic effects.
Another possible source of the mycorrhizal inhibition
Ls nutritional effects due to excess P in the soil.

It was

established previously in this discussion that sludges gen¬
erally contain high levels of P compared to N with respect
to plant needs.

In its 1976 report,

EPA estimates application

°f 1 t° 2 metric T/ha sludge supplies enough P to satisfy
the needs of most crops.

Forms of P found in sludges are
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highly variable but can be roughly grouped into organic
constituents

(Baker 1977).

Sommers et al.

(1976)

found 64

to 86 per cent of P in sludges they examined were in the in¬
organic form. Kelling et al.

(1977c)

found after sludge addi¬

tion there was an immediate increase in available P which
decreased over time,

probably due to P fixation.

Inorganic

P reacts quickly to form sparingly soluble Fe and Al phosphates
in acid soils.

It is also adsorbed on the surfaces of amor¬

phous Fe and Al oxides and hydroxides which also remove it
from the soil solution in fairly short periods of time.
Therefore,
plants,

after an initial period of high availability to

the inortanic P constituents of sludge revert to forms

permanently unavailable.
Many of the organic P compounds in sludge decompose
quickly.

The P that is not immediately assimilated by micro¬

organisms is released into the soil solution,

further increasing

the already large pool of inorganic P available immediately
after sludge application.

Kelling et al.

(1977c)

found signifi¬

cant amounts of P were still available 2 years after sludge
application and attributed it to the constant mineralization
°f organic P from sludge residues.
It is possible that the application rates used at Waltham
added sufficient P to cause inhibition of mycorrhizal infection
an the sludge plots.

As the growing season progressed,

immediately available P was fixed,

and the

less P would have been avail-
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able for plant uptake and mycorrhizal infection would increase,
much as it did each year in the field plots.

Organic P content

of the 2X plots most likely increased after each successive
sludge application.

Mineralization of this organic P through¬

out the growing season may have been sufficient to keep in¬
organic P levels high enough in the 2X soil to inhibit VA
infection throughout the growing season in the second and third
years of sludge application.
Phosphorus levels in Waltham soil were far more than
sufficient to supply plant needs even before the first sludge
application in 1977

(Table 1).

a net increase in soil P

Although analyses never showed

(Tables 10,

11,

12),

the increase

in available P in the root zones of plants may still have
been sufficient to inhibit infection.
states,

As Tinker

"soil P is very heterogeneous:

(1975)

natural soil is a

mosaic of different phosphate compounds, properties and con¬
centrations.

Its low mobility causes areas of local depletions

and excesses."
Mosse (1973) found that excess soil P inhibits and changes
the nature of the mycorrhizal infection.
tion of prepared onion roots

(Phillips and Hayman 1970)

striking differences between control plots
amended plots

(IX,

2X).

Fig.

onion root from an OX plot.
Wlth arbuscules,

Microscopic examina¬

(OF,

OX)

showed

and sludge

10 illustrates a section of an
Its center is completely filled

and many pieces of extramatrical mycelium

that once connected to a mycelial soil network can be seen.

104

Fig. 10.
Section of an onion root from an OF plot show¬
ing extensive extramatrical mycelial connections and center
of cortex packed with arbuscules.

105

106

Fig. 11.
Close up of arbuscules filling cortical cells
of OF plot onion root.

107

108

Fig. 12.
Mycorrhizal infection in onion root from 2X
sludge plot containing only vesicles; lacking arbuscules
and extrametrical mycelial connections.

109

110
Fig.

11 is a closeup of the cortical cells packed with arbus-

cuies.

Fig-

12 is a section of an onion root infection from

a 2X sludge plot.
mycelium;
what Mosse

It is devoid of arbuscules and extramatrical

only vesicles are in evidence.
(1973)

found in high P soils,

a condition of stress

(Spitko et al.

This is similar to
but may also indicate

1978).

Analyses of onion P content at the end of each growing
season (Table 18)

showed no differences between plants grown

in control plots and those grown in sludge amended soil until
1979 when the 2X plot onions show elevated P levels.

This is

evidence that organic P compounds were accumulating in the 2X
plots due to successive sludge applications.

Mn,

Cu,

Zn,

and Cd also increased in onions grown in the 2X plots,

Pb,

although

none exceeded normal ranges.
These field investigations show that soil incorporation
of sewage sludge can inhibit two very important kinds of
plant-soil microorganism symbioses.

Decreased yields and

disturbances in the balance of microorganisms in the soil
leading to other unfavorable growth effects may result.

Green¬

house and laboratory studies which follow attempt to define
more clearly how sludge application affects these soil symbionts.

Greenhouse Studies

Fffects of timing of sludge application on nodulation of bush^£an.

This experiment was an attempt to duplicate Waltham

J-'ield plot work under controlled conditions in the greenhouse.
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It was also meant to discern where nodulation inhibition
was taking place in early plant development.

Heavy metal

concentration in bean tissues was monitored at critical plant
developmental stages to see if there was a pattern to heavy
metal uptake throughout the life of the plant.
tion rates of sludge,

T350 and T175,

The two applica¬

corresponded to the 2X

and IX Waltham applications respectively.

The timing of the

sludge applications was chosen because of the nature of the
Rhizobium-legume infection sequence.
sented the Waltham field plots
weeks after sludge application.

The Tq intervals repre¬

in which seeds were planted 2
In the T^ interval,

the beans

had sludge applied to them 8 days after planting when the seeds
were in the early stages of emergence from the soil.

Analysis

of total elements in the Waltham field soil used in the experi¬
ment is given in Table 19.

Table 20 presents

the total elemen¬

tal analysis of the Deer Island sludge applied.
There was germination inhibition in the Tq and T1 plots
similar to that observed in the Waltham field plots.

The first

true leaves were expanding on control plants when Tq and T^
bean hypocotyls were emerging from the soil.

The effects were

"tost pronounced at the 350 application level,

but were also

Present at the 175 rate.
applied at planting,

The Tx treatment,

where sludge was

behaved similarly to the Tq treatment,

where sludge was applied 2 weeks prior to planting.
tion inhibition was observed in the T2 treatment.
sludge was applied,

No germina¬
By the time

the hypocotyls of both T9350 and T2175
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TABLE 19
Total elements in Waltham soil used in bean/timing of sludg
application greenhouse experiment

element

concentrationx

Ny

.54

py

.34

K

8,780

Ca

10,700

Mg

5,260

Mn

520

Cu

21.3

Ni

5.5

Zn
Cd

1.9

Pb

62.4

PH

6.8

salts2

all figures ppm unless indicated
y

per cent dry weight

2

mmhos/cm

69

2.0
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TABLE 20
Total elemental analysis of sludge used in bean/timing of
sludge application greenhouse experiment

element

concentration

3.22
Py

1.26

Ky

1.15

Mn

107

Cu

1,700

Ni

120

Zn

2,600

Cd
Pb

45.4
800

X

all figures ppm unless indicated
y

per cent dry weight
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plants were breaking through the soil.

These plants exhibited

clear sign of sludge damage due to its application while they
were emerging from the soil.
than T2175 plants.

T2350 plants were damaged more

The first true leaves were wrinkled with

areas of yellowing and necrosis around the leaf margins.
Ammonia toxicity could be responsible for the observed pheno¬
mena in all 3 sludge application intervals.

It has been well

documented as instrumental in sludge induced seed disorders,
as previously discussed,

and is most likely responsible for

for the "burn" damage of leaf tissue observed in the T2 treat¬
ments .
Sludge addition caused inhibition of nodulation consis¬
tently at both application levels and all 3 timing of appli¬
cation intervals

(Table 21).

Inhibition was greater at the

350 application level, much as the 2X plots had more inhibi¬
tion than the IX plots in the field.

Plants receiving the Tq

or T^ treatment interval behaved similarly in nodulation as
well as germination.

Applying sludge 2 weeks ahead of planting

or at time of planting resulted in serious and almost complete
inhibition of nodulation at the 350 application level,
lesser but significant amount at the 175 level.
at the time of planting

(T^)

and a

Applying sludge

inhibited nodulation slightly

m°re than when it was applied 2 w7eeks prior to planting,
although not significantly.

It is likely sludge applied 2

weeks prior to planting had a chance to equilibriate with the
soil somewhat.

Regular watering and shallow pots used to grow
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TABLE 21
Fresh weights' of bean tissues-^ from bean/timing of application
greenhouse experiment
treatment

roots

tops

nodules

yield

control

12.51 a z

79.68 a

.398 a

T 350
o

11.32 a

64.80 b

.016 b

T1350

12.49 a

59.99 b

.009 b

136

b

T2350

10.86 a

56.82 b

. 134 c

104

b

T 175
o

13.92 a

69.84 b

.08 9 be

274

ac

Tx175

11.88 a

60.06 b

.032 b

219

c

T2175

11.84 a

71.22 ab

.266 ac

257

c

320

a

8. 7 b

fresh weight in g
^based on 12 pots per r eplication,
Test

3 plants per pot

(pP-raQ5)n Within columns by Duncan’s Multiple Range
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TABLE 22
Heavy metal content of bean tissues
stages
treatment 6c
plant stage

at critical development

Cu

Ni

Zn

Pb

Cd

0.4
5.4
0.4
0.4
0.5
0.3

AZ
T 350
T?350
17350
TZ175
T?175
T2175
control

5.26
5.07
5.16
4. 63
4. 99
5.14
5.01

19.8
18.4
18.0
17.6
18.4
17.2
21.0

2.9
3.5
3.8
3.1
4.7
3.6
3.7

39
39
16
38
47
32
38

7.8
8.0
9.2
5.3
5.9
6.4
6.4

0.6

B
T 350
17350
17350
17175
T?175
T2175
control

5.34
4.92
5.00
4. 96
5.11
5.04
4.93

34.8
40. 9
36.2
13.5
24.5
22.6
21.0

2.9
3.3
2.6
4. 7
3.7
3.2
3.0

39
41
35
29
36
34
43

12.6
10.9
10.2
9.3
7.9
9.6
8.6

0.5
0.3
0.3
0.5
0.3
0. 5
0.5

5.16
4.82
4.79
4. 56
4.73
5.22
4.90

9.2
11.9
10.4
10.7
10.4
11.1
10.2

2.8
2.7
2.0
1.0
2.8
2.2
3.1

32
36
33
47
41
45
34

3.1
2.5
3.0
2.6
3.1
2.8
3.1

0.3

C
T 350
17350
17350
To17 5
17175
Tp50
control

all figures ppm unless indicated
^per cent dry weight
A = first set of trifoliates
^ = trifoliates at flowering
C = beans and pods

2.0
2.1
0.5

0.1
0.5
0.5
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the beans

in may have allowed components of the sludge to

leach downward below the zone of maximum nodulation.
on a sunny day in the greenhouse,

conditions are perfect for

large amounts of ammonia volatilization,
nodulation in the Tq treatment interval.
that did occur in the Tq and

Also,

which would favor
Amounts of nodulation

treatments was

observed in the Waltham sludge plots

similar to that

(Table 7).

Nodulation in the T2 pots to which sludge was not applied
until 8 days after seeding,

was

two sludge treatment intervals,
observed.

Indeed,

inhibited less

than the other

in spite of the phytotoxicity

the T2I75 treatment plants'

nodulation is

similar to the control plants.
It is well known that rhizobial bacteria must establish
dominance in the rhizosphere to be able to initiate infection.
As the rhizosphere is the most highly populated portion of the
soil,

competition between organisms within it is fierce

and Mercer 1964).

(Dart

The saprophytic competence of rhizobial

bacteria must be high if they are to persist in the soil and
be effective colonizers of legume roots when they are available.
The presence of sludge during the first week of legume growth
prevents establishment of conditions favorable for nodule ini¬
tiation,

as shown by the Tq and T^ treatments.

The host plant

may be affected so that it is unsuitable for infection,
bacteria in the soil may be rendered unable
ion.

or the

to initiate infect-

The T2 treatment interval was much less disturbing to the

establishment of the symbiotic relationship.

Delay of sludge
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application may allow rhizobial replication and colonization
of the newly germinating legume root when it is most receptive
to infection.

Sludge application did not affect nodulation

as much once it has been initiated,

indicating that it is

the early stages of the symbiotic relationship that are being
disrupted.
Sludge application caused a reduction in the size of
bean tops but not bean roots at all application intervals.
Differences in the sizes of the root systems may have been
obscured by crowding in the pots.

Three bean plants per pot

were too many as the soil in the pots became very compacted
and root bound as the plants approached maturity.

Yields

were also considerably reduced by sludge application;
level causing the most reduction.

the 350

There were no significant

differences in yield due to timing of application.
Nitrogen and heavy metal analyses of bean tissues
(Table 22)

gave no indication of what may have been causing

the stunting of growth and nodulation inhibition.

The only

increase of note is Cu at the 350 treatment level in the
trifoliates at flowering.

Irregardless of timing of application,

the Cu content of the trifoliates is reaching critical concen¬
trations.

This may have caused the stunting observed in the

350 level treatments,

but no foliar symptoms of Cu toxicity

were observed.
Nitrogen content of the bean plants was unaffected by sludge
application in spite of differences in nodulation;

this was
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also seen in the Waltham field plots.
In summary,

nodulation inhibition in bush bean,

observed in the field in 1977,
conditions of a greenhouse.

first

also appeared under the controlled

Application of sludge one week

after planting caused some foliar damage but had less

inhi¬

bitory effects on nodulation then when applied at planting or
2 weeks prior to planting.

These data indicated that it is

the very early stages of nodule initiation that are being dis¬
turbed by sludge application.

Comparison of effects of N source on bush bean nodulation.
The objective of this experiment was to determine if N added
in sludge was enough to be responsible for nodulation inhibi¬
tion.

Bean plants were grown in sterile quartz sand to elimin¬

ate soil N and microorganisms as complicating variables.

A 1

per cent solution of NH^NO^ was given to one set of pots be¬
cause it supplies only N and contains both forms of inorganic
N ions that are contained in sludge and may be utilized directly
by plant roots.

The pots that received the 1 per cent homogen¬

ized sludge solution were receiving other elements contained in
the sludge but the N content was the same as the NH,N0o
if not in the same proportion of NH^ to NO^.

solution

If both sets of

Pots received the same amount of N and nodulation inhibition
still occurred in the ones receiving the sludge,

the source of

the inhibition must be the other components of the sludge.
Plants grown in nutrient solution and NH^NO^ were large
with bright green leaves and copious,

large,

pink convoluted
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nodules on the roots

(Fig.

13).

Plants grown in nutrient

solution and 1 per cent N sludge were stunted,
chlorosis and necrosis
tiny,

white,

excise.

(Fig.

round nodules,

14).

with interveinal

The roots contained many

most of which were too small to

The root systems were also considerably smaller than

the plants receiving their N source from NH^NO^

(Table 23).

Rhizobial bacteria were able to recognize and invade their
host plant but were unable to form normal functioning nodules.
Table 24 presents analyses of bush bean tissues made at
different stages of growth.
analyses
ments.

Unlike previous experiments,

these

show a clear difference in N content between treat¬
Sludge beans were unable to form active N fixing

nodules and were also unable to assimilate sufficient N from
the 1 per cent sludge drench they received daily as
are consistently N deficient.

leaf tissues

Metal levels in foliar tissues

remained similar for both treatments excepting Zn.

Zn was

consistently and considerably higher in the leaves of plants
treated with sludge.

Although the same sludge used in the

previous experiment was used here,

the Cu accumulation observed

in bean leaves in that experiment was not observed.
Analysis of actual nodule tissues showed quite dramatic
differences in metal content from leaves.

Cu increased from

8 ppm in NH^NOg treated plants to 100 ppm in sludge treated
Piants,

a value far exceeding values considered toxic

1968).

Ni,

experiments'

(Allaway

which had shown no accumulation at all in previous
leaf tissue analyses,

and is usually not a problem
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Bean plants grown in quartz sand and nutrient
Fig. 13.
solutions
N source from NH^NO^.
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Fig.
solution:

14.
Bean plants grown in quartz sand and nutrient
N source from homogenized, diluted sludge.
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TABLE 23
Fresh weightsx of bean tissues^,
taken at flowering
treatment

tops

nh4no3-n

50.11 az

sludge-N

29.37 b

grown in nutrient solution,

roots

nodules

12.93 a

0.864 a

8.24 b

0.018 b

fresh weight in g
y

mean of 36 pots per treatment,

1 plant per pot

2

mean separation within columns by Duncan's Multiple Range
Test, (p = 0.05)
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TABLE 24
X

Analysis of tissues
from beans at different developmental
stages, nutrient solution experiment
treatment and
plant stagey

Nf.

kz

X

Cu

Ni

Zn

Pb

Cd

A
nh4no3

3.69

.52

1.12

12.4

10

60

20

0.2

sludge

2.01

. 50

1.10

8.2

10

116

31

1.1

nh4no3

3.28

.56

1.13

11.6

10

50

11

0.4

sludge

1.84

.41

1.16

21.2

10

180

14

1.3

NH4N03

4.06

.57

1.11

8

40

70

22

0.8

sludge

2.21

.39

1.13

100

100

164

28

1.6

B

C

y

all figures ppm unless indicated
y

^ ~ primary true leaf,
C = nodules
z

per cent dry weight

B = trifoliates at flox^ering,

129
unless soil pH falls below 6.5

(EPA 1976,

Page 1974),

accumu¬

lated to 100 ppm in nodule tissue of plants treated with
sludge.

Zn accumulated in the nodules of sludge treated

plants to levels similar to those observed in the foliage.
It is unknown why these metals accumulated to such an
extent in the nodules of the sludge plants.

It would have

been interesting to see what metal levels in root tissue
were but due to analysis
available.

limitations

these data were un¬

In a sand culture system such as this,

metal holding

soil colloids are lacking and metals present in the soil solu¬
tion are freely available for plant uptake
1978).

Perhaps the developing nodule,

bolic activity,
up by the roots.

(EPA 1976,

Leeper

as a site of high meta¬

acts as a sink for water and nutrients

taken

The metals may move passively with them in

their flow to the nodules.
It is possible the symptoms observed on bean foliage in
ig.

14 are due to Cu and Zn excess as previously described.
The roots of the sludge amended beans

in this experiment

were unlike the roots of beans grown in the sludge amended
Waltham field plots or pots in the previous greenhouse experi¬
ment.

Roots grown in non-sterile Waltham soil were generally

devoid of nodules with a few,
cally.

normal ones occurring sporadi¬

Roots of the sludge beans grown in sterile sand in this

experiment were covered with tiny,
nodules.

In non-sterile soil,

white,

round,

functionless

the rhizobial bacteria were

unable to invade the bean roots in most cases,

but when they
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succeeded,
mally.

nodule initiation and development proceeded nor¬

This lends

support to the hypothesis

that sludge

application changes the soil environment such that rhizobial
bacteria become less efficient competitors and are
unable to establish dominance necessary for invasion of the
legume root.

In a sterile system like the sand culture there

are no competitors;

the bacteria are able to invade the bean

roots despite sludge application.

Nodule development is

arrested by some component of the sludge,
Cu,

Ni,

however.

and Zn may be disrupting nodule development.

The metals
Accumu¬

lation in nodules' tissues may be considerably different from
indications given by fruit and foliar analyses.

Certainly

this experiment confirms that the observed nodulation inhibi¬
tion is not a simple nutritional feedback inhibition from
sludge-derived excess N in the soil.

Liquid vs.

composted sludge effects on onion VA mycorrhizae.

This experiment provided an opportunity to compare the effects
of liquid,

anaerobically digested Deer Island sludge with

composted Deer Island sludge on VA mycorrhizal infection in
onion.

From Table 25 it can be seen that the total elemental

content of composted sludge is considerably lower than liquid
sludge in both plant nutrients and heavy metal contaminants.
Total P comprised

.90 per cent of the liquid sludge and only

•12 per cent of the composted sludge.

This is important when

considering the amount of P being added to the soil by sludge
treatment.
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TABLE 25
Analyses^ of liquid and composted sludge used in VA
mycorrhizae - onion experiment
element

composted sludge

liquid sludge

NZ

1.03

2.24

PZ

0.12

0.90

K

1,650

7,950

Cu

210

4,400

Ni

27

270

Zn

200

1,392
•

Cd
Pb

y all
z

figures ppm unless

per cent dry weight

6.3
172

indicated

70
900
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Analysis of soil in the flats 2 weeks after sludge
application

(Table 26)

showed that in spite of the original

compost being lower in plant nutrients and heavy metals,
when it was added to soil at 25 per cent volume,

it still

added considerable amounts of both to the soil.

Composting

sludge is often heralded as the solution to the heavy metal
contaminant problem.

From data from this one brief experiment

it is clear that careful monitoring of soil metal status
should be carried out irregardless of the type of sludge
treatment.
Onion performance was best in soil amended with com¬
posted sludge.

Fresh weights of tops and roots were larger

than those grown in unamended,

control soil.

Adding composted

sludge to the soil most likely improved aeration and decreased
compaction which should improve the growth of most root crops.
Onion growth in soil treated with liquid sludge was reduced
as it had been in the Waltham field plots

(Table 27).

Table 27 also shows per cent mycorrhizal infection of
onion cortical cells.

Both composted and liquid sludge inhi¬

bited and changed the nature of VA mycorrhizal colonization.
In control onions,

infection was of the same nature as observed

in OF and OX plots in the Waltham field plots.

This type of

infection was primarily arbuscular with randomly scattered
vesibles

(Figs.

10 and 11).

Infection in the composted sludge

treated onions resembled infection in the 2X plots:
mycelium,

very few arbuscules,

thinner

vesicles being the primary
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TABLE 26
*

^

Analysis of total elements* in soil used in VA mycorrhizae
onion experiment, after treatment
element

control
.21

.22

.25

Py

. 19

.29

.23

1,120

1,600

1,060

Cu

29

24

34

Ni

11

16

13

2n

24

59

34

salts2

6.7

6.5

0.5

2.4

all figures ppm unless indicated
per cent dry weight

2

mmnos/cm

28

1.1
21
•

PH

12

1.8

OO

Pb

0.7

O'*

Cd

y^

compost

Ny

K

sol.

liquid

0.9
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TABLE 27
Per cent mycorrhizal infectionw and weight of onion tissuesx
from onion - VA mycorrhizae experiment
treatment

% infection

control
liquid
compost
w

tops

58.95 ay
z
37.90 b

c

average 5 root tips per plant,

roots

26.15 ab

1.17 ab

22.54 a

1.44 a

29.57 b

1.92 b

20 plants per treatment

Xfresh weight in g
y

mean separation within columns by Duncan’s Multiple Ran^e
Test, (p = .05)
due to nature of infection,
impossible; see text

assessment of per cent infection
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structure in evidence

(Fig.

12).

Infection in the onions

grown in the liquid sludge amended soil was unlike any observed
previously.
type,

The infection observed was of 2 types.

as seen in Fig.

the root tips,
can

15,

In one

hyphae ramified over the surface of

failing to form characteristic structures.

It

be identified as mycorrhizal mycelium by its characteristic

knobby projections.

The other type of infection was limited

to special cells in the outer cortex which are unique to onion.
The function of these cells is unknown, but from their staining
reaction it is known that their size,

content and function

differs from surrounding cells in the cortex (Mosse 1973).
Fig.

16 contains both uninfected (bottom left and upper right

of photo) and infected (upper left of photo) cells of this
type.

Infection is clearly mycorrhizal but seems unable to

grow out of these special cells and keeps growing and coiling
within.

Both of these types of infection have been described

by Bosse

(1973) as being characteristic of infections in high

phosphate soils.

It is well known that high phosphate soils

inhibit VA mychrrhizal infection (Menge et al.

1981, Mosse

and Phillips 1971) but this is one of the few reports of changes
in infection morphology similar to those Mosse
Analysis of P content of onion tissues

(1973) observed.

(Table 28)

supports

the hypothesis that these infections are indeed the same as
those attributed by Mosse to high P soils.

Phosphorus concen¬

trations of healthy onion leaves may vary from .25 to

.4 per
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Fig. 15.
Unusual type of VA mycorrhizal infection in
onion from liquid sludge treatment in which mycelium ramifies
over root surface.

137

\
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Fig. 16.
Other type of VA mycorrhizal infection in onion
from liquid sludge treatment in which infection is confined
to special root cortex cells.
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TABLE 28
. .
y
Analysis of onion tissues-7 from onion - VA mycorrhizae
experiment
treatment

pf

Cu

Ni

Zn

Pb

Cd

control

.25

10.4

6.1

12.9

16.9

0.8

liquid

.59

11.1

9.0

26.6

21.9

1.8

compost

.45

9.6

4. 9

18.2

12.0

1.2

control

.45

17.8

8.0

39.4

23.6

1.1

liquid

. 64

45.9

12.1

71.2

33.4

2.2

compost

.50

25.4

11.3

55.4

24. 0

1.9

tops

roots

yall figures ppm unless indicated
z

per cent dry weight
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cent

(Geraldson et al.

develops

1973).

Mosse indicated P toxicity

in onions whose P content exceeds

.3 per cent.

P

content of both composted and liquid sludge onions exceed
values given for healthy tissues.

In the Waltham field plots,

the 3 year means for P content of onion tissues were
the OX plots,

.31 for the IX plots and

.32 for

.41 for the 2X plots.

Perhaps the stunting observed in the 2X plots

(Fig.

3)

was due

to P toxicity.
In the present experiment,

P content of the composted

sludge onions was similar to the 2X onions grown in the
field plots, which may be why the morphology of the infec¬
tions were similar.
flats contained

The liquid sludge treated onions in the

.59 per cent P,

almost twice Ilosse's

limit

for P toxicity.
Several hypotheses have been proposed to explain why
high soil P levels inhibit mycorrhizal infection.
al.

(1978)

and Ratnayake et al.

(1978)

Menge et

believe that roots

containing adequate P are not physiologically disposed to
infection.

They have shown that root exudation of soluble

amino acids and sugars which may stimulate infection are signi¬
ficantly higher in plants containing low P levels.

They have

correlated the amount of these exudates with P-induced changes
in phospholipids leading to an increase in membrane permeabi¬
lity.

There is also the possibility that an as of yet uniden¬

tified specific compound facilitating mycorrhizal infection
can only leak from roots when they are more permeable due to
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low P content.
Data from this experiment supports the hypothesis

that

high P levels may be responsible for inhibition and changes
observed in VA mycorrhizal infection of onion roots

in sludge

amended soil.

Alfalfa - zinc salts nodulation experiment.

Analysis of soil

from the Waltham field plots after three years of sludge appli¬
cation indicated that several heavy metals,
Cu,were accumulating to very high levels

notably Zn

(Tables

and

12 and 14).

Compared to the three other legumes grown in the 2X field plots,
alfalfa performed fairly well,

yet its growth was significantly

stunted and rhizobial nodulation almost completely inhibited
(Table 8).

This experiment was meant to compare the effects

ofsludge and three different levels of Zn application on the
growth and nodulation of alfalfa.

Zinc was added to the various

treatments as ZnSO^ salts to achieve controlled concentrations
of Zn at different levels.

The three levels of Zn application

were chosen as they roughly approximated Zn levels in the OX,
IX and 2X plots

in Waltham after 3 years of sludge application.

The sludge used in this study was Deer Island sludge that had
been analyzed previously

(Table 29)

and was known to be high in

Zn.
Table 30 is an analysis of the soil in the flats made
2 weeks after treatment,
of alfalfa seeds.

at the time of inoculation and planting

Once again,

sludge application caused consi¬

derable increase in soil Zn and Cu after a single application.
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TABLE 29
Total elements^ found in sludge used in alfalfa - zinc
salts greenhouse experiment
element
N
P

concentration

z

3.01

z

1.57
3.52

Caz

2.4

MgZ

0.4

Cu

950

Ni

231

Zn

3,000

Cd

61

Pb

692

^all figures ppm unless indicated
Zper cent dry weight
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TABLE 30
Total elementalx analysis of soil used in alfalfa salts greenhouse experiment
element

control

sol.

50ppm Zn

lOOppm Zn

200ppm Zn

.23

.29

. 19

.22

o
C\|
•

py

sludge

zinc

.21

.21

.20

.23

.20

Cu

12

26

14

11

8

Ni

10

10

10

10

10

Zn

32

168

27

64

92

Pb

48

75

52

47

47

Cd

1.0

1.5

1.0

1.0

1.0

pH

6.7

6.6

6.7

6.7

6.5

.2

. 6

. 5

. 7

salts2

all figures ppm unless indicated
V

per cent dry weight
Zmmho s/cm

. 9
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It is interesting to note that adding sludge to one set of
flats at the 2X application rate caused an increase in soil Zn
exceeding the 200 ppm addition of ZnSO^.

However,

alfalfa plants after 30 days of growth (Table 31)

analyzing
showed that

Zn added as salts was much more available for root uptake.
This phenomenon has been observed by others
1978).

(Mitchell et al.

Alfalfa plants grown in the 100 ppm ZnSO^ treatment

contained 121 ppm, more than was applied.

This concentration

effect may be due to root compaction when plants are grown
in containers.

DeVries and Tiller (1978) have shown that

plants confined to pots take up far more metals than their
field grown counterparts.

This is probably why the alfalfa

in this experiment accumulated more Zn than when grown in high
Zn soil in the Waltham field plots.

Other metal levels remained

comparable to control plants for both the Zn and sludge treat¬
ments.

The nitrogen content of the soil used was adequate for

normal plant growth without aid of symbiotic fixation,

as there

is little difference in N content between treatments.
Table 32 indicates that adding Zn up to 100 ppm has
little effect on the overall growth and nodulation of alfalfa
plants.

The damage threshold lies somewhere between 100 and

200 ppm,

as 200 ppm Zn caused significant reducation in size

and nodulation of the plants.

Unfortunately,

except for stunting,

no foliar symptoms of Zn toxicity were observed.

Also,

although

the size of the plants was reduced more than by sludge applica¬
tion, nodulation was not nearly as reduced.

The nodulation re-
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TABLE 31
Total elemental-^ analysis of alfalfa tops, age 90 days,
from alfalfa - zinc salts greenhouse experiment
treatment

rr

Cu

Zn

Ni

Pb

Cd

control

4.42

34

10

33

13

0. 9

sludge

4.47

24

10

57

11

1.0

50 ppm Zn

4.81

22

9

39

15

0.6

100 ppm Zn

4. 75

32

9

121

15

0.5

200 ppm Zn

4. 68

27

10

189

11

0.6

^all figures ppm unless indicated
2

per cent dry weight

TABLE 32

Fresh weightsx of alfalfa tissues^ at flowering,
zinc salts greenhouse experiment
roots

nodules

1.08 a

.042 a

4.56 a

0.98 a

.0003 b

50 ppm Zn

4. 76 a

0.85 a

.039 a

100 ppm Zn

4.77 a

0.79 a

.025 a

200 ppm Zn

2.28 b

0.46 b

.007 a

treatment

tops

control

5.21 a

sludge

z

alfalfa

fresh weight in g
y
7average of 9 replications,

5 plants per replication

2

mean separation within columns by Duncan's Multiple Rang
Test (p = .05)
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duction observed from the 200 ppm Zn treatment may have
occurred merely because the stunted root systems had less
root area on which nodules may have formed.

If Zn were solely

responsible for the inhibition, nodulation would certainly be
reduced more in plants containing 189 ppm Zn than in ones con¬
taining 57 ppm.
This group of greenhouse experiments has shown the inhi¬
bition of symbiotic associations observed in the Waltham field
plots did not result from a single element or condition.
VA mycorrhizal infection,

For

the field data coupled with the compost

liquid sludge greenhouse data indicate that excess P in soil
due to sludge application is responsible for the inhibition
and changes in fungal colonization observed.
The reasons for the inhibition of rhizobial nodulation of
legumes are more complex.

From the timing of application study,

it was determined that the inhibition is time dependent;
stages of infection seem most disrupted.

Once initiated,

early
in¬

fection proceeds normally in spite of sludge application.

The

nutrient solution experiment showed the inhibition most certainly
is not a simple nutrient feedback inhibition due to excess N
from sludge application.

Both experiments implicated Cu and Zn

as did results from 3 years of field work,

yet the zinc - alfalfa

salts greenhouse experiment ruled out Zn as a single factor
inhibiting nodulation.

The actual cause of the inhibition may

be a combination of many factors;

from the data available it is

notpossible to determine hox^ the infection is being disrupted,
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irregardless of cause.

The experiments which follow were

conducted in the laboratory to try to determine how and where
sludge addition was disrupting the symbiotic association,

and

possibly what factor or factors in the sludge were responsible
for the disruption.

Laboratory Experiments

Determining rhizobial growth curves.

The use of turbidimetry

and dilution plating techniques to monitor growth of bacterial
populations are well established microbiological procedures
(Gavin 1957,

Lamanna et al.

boration here.

Fig.

1973, Merek 1969)

and need no ela¬

17 shox^s the change in absorbance with

time due to increase in bacterial numbers when R. meliloti is
cultured in its optimal grox^th medium,
(Vincent 1970).

yeast - mannitol broth

R. meliloti belongs to the "fast grower" group

of rhizobial bacteria (mean generation time 2 to 4 hours)
and therefore grows very rapidly in broth culture
1977).

Adding

.01 ml.

(Vincent

of a 72 hour culture of R. meliloti

resulted in a large initial population in the flasks;
phase was suitably brief.

the lag

Growth after this initial phase

was rapid with the absorbance of the growth solution doubling
every 24 hours from 12 to 72 hours of groxrtih.

After 72 hours

there was little change in the absorbance of the solution
indication that population groxvth was leveling off.
This level•
mg off is typical of most bacteria in broth cultures and is
usually due to exhaustion of food source and accumulation of
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Fig. 17.
Growth and absorbance of R. meliloti in yea
mannitol broth.

ABSORBANCE AT 600 nm
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toxic metabolites

(Lamanna et al.

numbers of vigorous,

1973).

To insure that large

rapidly growing rhizobial cells were

available for nodulation in experiments,

cultures from 48 to

72 hours of age were used for inoculum.
Fig.

18 shows the relation of the absorbance of nutrient

broth cultures to numbers of bacterial cells present determined
by dilution plating techniques.

Numbers of rhizobial cells

present in solution could be simply read from this curve
in subsequent experiments by obtaining the absorbance of the
culture solution.

Making soil and soil-sludge extracts.

Soil and soil-sludge

extracts were made in attempt to simulate an aqueous soil
environment that might be encountered by rhizobial bacteria
and legumes in a natural field situation but would be free of
the thousands of other organisms that would normally accompany
them.

Of course,

by the very nature of the procedure an arti¬

ficial situation is being created:

an essential component of

the soil ecosystem is the dynamic nature of its microbial popu¬
lation.

In spite of this,

these extracts make it possible to

simulate the metal and nutrient mix comprising the. soil solu¬
tion that is otherwise impossible to create.

The sludge used

to make the extracts was the same as that used in the alfalfa zinc salts greenhouse experiment,
Present in Table 29.

an analysis of which is

Table 33 presents analyses of the auto¬

claved soil and soil-sludge extracts as well as the .32 urn
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Fig. 18.
Absorbance of yeast - mannitol broth cultures
of R. meliloti as related to number of rhizobial cells per ml.

RHIZOBIAL CELLS/ML
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TABLE 33
sludge extracts

Total elementalv analy ses of so

and soil -

treatment

K

Cu

Ni

Zn

Pb

Cd

N03

nh4

sw

20

75

33

2.7

. 21

.01

.08

< . 09

< .01

SSEX

25

83

34

3.8

. 19

.07

.24

< .09

< .01

SE-MP7

18

60

34

3.0

.20

.01

. 10

< .09

< . 01

SSE-MP2

21

64

32

3.0

.21

.05

. 19

< .09

< . 01

P

Vall figures ppm
WS = plain soil
v

"SSE = soil-sludge extract
^SE-MP = soil extract sterilized by
rather than autoclaving

.32

m milipore filtration

ZSSE-MP = soil-sludge extract sterilized by
filtration rather than autoclaving

.32

m milipore
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milipore filtrates.

Many of the same trends

that were observed

for soil nutrient and metal accumulation in the field and
greenhouse experiments were evident in both types of extracts
made from sludge amended soil.
slightly elevated levels of N,

Sludge addition resulted in
P,

and Ni.

Zinc was

the only

element whose concentration increased considerably,

tripling

in the autoclaved extract.
Milipore filtration as a means of sterilization resulted
in few changes in extract content.

Autoclaving caused some

ammonia generation as was expected.

The Zn content of the soil-

sludge milipore filtrate is slightly lower than the autoclaved
soil-sludge extract.

Autoclaving may have caused some break¬

down of organic matter which normally
the Zn

+2

ions into the soil solution.

binds Zn,

liberating

Experiments comparing

rhizobial growth in media made by both sterilization methods
will be discussed in the following sections.

Autoclaving is

a more satisfactory means of generating the soil or soil-sludge
extracts as much larger volumes of solution are produced.
Milipore filtration of soil solutions is expensive and tedious
because only minute quantities of fluid can be collected berore the filters clog and must be changed.

This

is

inappro¬

priate for collecting more than a few mis of solution which
makes the execution of large scale experiments difficult.
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Rhizobial growth studies in liquid culture.
Growth media determinations.

Rhizobial growth in plain

autoclaved soil extract was very slow and variable.

No growth

occurred in the extract made from sludge amended soil.

When

the dry components of yeast mannitol broth were added to the
two extracts,

growth in both extracts was rapid and similar.

The reason for this is unknown.

Perhaps the concentration of
4m

nutrients in the growth solution was so rich that bacterial
reproduction was stimulated in spite of the sludge used in
making the extract.

Another possibility is

responsible for some of the inhibition,

if metal ions are

they may have reacted

with some of the components of yeast mannitol broth
and sulfates,

for example),

(phosphates

and precipitated out of solution.

This may have indeed happened as a fine white deposit was
seen on the bottom of many flasks.
When plain soil extract or soil-sludge extract was
amended with 1 per cent mannitol to provide a carbon source
the most notable results occurred.

Glucose,

lactose and

sorbitol were also tried as carbon sources and worked well.
Members of the "fast-growing" rhizobia can use many different
carbon sources

(Vincent 1977).

Fig.

19 shows the growth of R.

meliloti grown in the autoclaved, mannitol amended extracts.
Growth in soil extract + 1 per cent mannitol was similar to
growth in yeast-mannitol broth.

The growth curves were similar

tn shape but growth in soil extract + 1 per cent mannitol
leveled off earlier,

never reaching bacterial populations as
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Fig. 19.
Growth of R. meliloti in soil extract vs. soilsludge extract.
Curve A = soil extract; Curve B = soilsludge extract; Lines shown are significantly different.

ABSORBANCE AT 600 nm
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high as

in yeast-mannitol broth.

This may be expected as

concentration and proportion of nutrients
is surely not as rich and optimal as

in the soil extract

in yeast-mannitol broth.

The growth of R. meliloti in soil-sludge extract is
as Curve B in Fig.
slow,

19.

the

shown

The growth of the bacteria was extremely

reaching 1.5 X 10^ cells per ml after 96 hours of growth

while numbers in plain soil extract 4- 1 per cent mannitol
reached 1 X 10^ cells per ml.

There was a definite inhibition

of rhizobial growth in media made from sludge amended soil.
If

.01 ml aliquots were repeatedly transferred to fresh soil-

sludge extract after 72 hours of growth,

after the fourth or

fifth transfer the cultures died out and no growth was observ¬
able.

The effects of the sludge extract were bacteriostatic

for several generations and ultimately bacteriocidal.

When

.01

mi aliquots were removed after 48 hours of growth and reintro¬
duced into yeast-mannitol broth or soil extract + 1 per cent
mannitol,

growth resumed and followed a normal curve after a

slight lag phase

(Fig.

21).

There were no significant differences in growth between
Rhizobia grown in extracts made by autoclaving or milipore
filtration.
ammonia,

Although the milipore filtrates did contain less

this was not the source -of the growth differences

because the bacteria in soil extract made by either process
grew similarly and far more rapidly than those grown in media
made from sludge amended soil.

For this reason the autoclaved

sterilized extracts were used in all subsequent experiments
because of the relative ease in obtaining them.
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Growth in Zn amended media.

Fig.

20 shows the growth of

R. meliloti in soil extract + 1 per cent mannitol that was
amended with various concentrations of Zn salts.
discussed,

As previously

it is known that metals added as salts are more

available to plants and microorganisms than those added in sludg
applications.

Curve A,B

shows the growth of R. meliloti in

soil extract + 1 per cent mannitol + 50 ppm Zn,

added as ZnSO^.

This concentration of Zn had no effect on rhizobial growth as
their growth in this medium is no different from growth in
plain soil extract + mannitol.
Adding 100 ppm Zn to soil extract + mannitol considerably
depressed the rate of bacterial reproduction and final popula¬
tion number attained although the same amounts of nutrients
are present in the soil extract.

When .01 ml aliquots of 48

hour old culture were removed and added to flasks of plain
soil extract + mannitol

(Fig.

21,

Curve C), rapid growth resumed

in 24 hours.
Growth of R. meliloti in soil extract + mannitol + 200 ppm
Zn is shown as Curve D in Fig.

20.

Very little growth occurred

when .01 ml aliquots were removed after 72 hours and introduced
into flasks of plain soil extract plus mannitol
Curve D),

(Fig.

indicating 200 ppm Zn was bacteriocidal.

21,

It must be

noted that turbidometric measurements are based on absolute
numbers of cells,

irregardless of viability.

The actual number

of live cells removed from the Zn amended media and added
to plain soil extract may be very small or nonexistent.
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Fig. 20.
Growth of R. meliloti in soil extract amended
with Zn from ZnSO, .
Curve A = soil extract + 1 per cent
mannitol;
Curve B = soil extract + 1 per cent mannitol +
50 ppm Zn;
Curve C = soil extract + 1 per cent mannitol
+ 100 ppm Zn;
Curve D = soil extract + 1 per cent mannitol
+ 200 ppm Zn;
Lines shown are significantly different.
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Fig. 21.
Recovery of R. meliloti after return to soil
extract.
Curve A = growth in normal soil extract + 1 per
centmannitol;
Curve B = .01 ml of 48 hour culture in
soil-sludge extract 4- 1 per cent mannitol;
Curve C = .01 ml
of 48 hour culture in soil extract 4 1 per cent mannitol 4
100 ppm Zn;
Curve D = .01 ml of 72 hour culture in soil ex¬
tract + 1 per cent mannitol 4 200 ppm Zn;
Lines shown are
significantly different except for Curve D which is not sig¬
nificantly different from the X axis.
-

-

-
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Analysis of the extract made from sludge amended soil
(Table 28)

showed that it contained only .24 ppm Zn in aqueous

solution.

It is unknown why this medium caused decreases in

rhizobial growth similar to plain soil extract amended with
200 ppm Zn.

Nothing is known of the chemical form of the Zn

in the soil-sludge extract;

it is possible that its chemical

form is more lethal than the Zn
of ZnSO^.

+2

ions resulting from addition

Perhaps it is chelated by some organic compound

which increases the ions'

activity.

It is also possible that

some completely different component of the soil-sludge extract
is causing the inhibition of rhizobial growth and similar
growth effects of 200 ppm Zn are merely coincidental.

The

recovery times for the cultures when introduced to fresh media
without the source of stress
very different.

(sludge extract or Zn ions) were

Aliquots removed from the soil-sludge extract

cultures had a much quicker recovery time,

indicating that

although the number of cells removed were small,

they were

viable and able to resume normal growth in plain soil extract.
When aliquots were removed from the soil extract + 200 ppm Zn
cultures after 72 hours,

there was little if any recovery,

indicating that most cells were dead.

Zn can only be implicated

as the source of inhibition of rhizobial growth from these
studies.
Sludge effects of the growth of Erwinia carotovora str.
— ~*-n liquid media.

The growth of E.

media is shown in Fig.

22.

carotovora in various

A 25 per cent strength solution of N-
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Broth was used because the soil and soil-sludge extracts provided
some of their own nutrients and a 25 per cent concentration gave
the most consistent bacterial growth.

This bacterium grew

rapidly in both soil extract 4- N-Broth and soil-sludge extract
+ N-Broth.

In.fact, growth in soil-sludge extract exceeded

growth in media made from plain soil or distilled water,
though not significantly.

In any case,

al¬

the growth inhibition

observedfor R. meliloti in soil-sludge extract was not seen
at all for Erwinia carotovora under similar conditions.

Erwinia

is similar to Rhizobium in that they are both gram negative
rods and ubiquitous soil inhabitants, yet one organism is
beneficial,

the other is responsible for crop losses.

The impli¬

cations of stimulating pathogenic soil organisms and inhibiting
beneficial ones through sludge application are clearly evident.
This one brief study indicates further investigations of sludge
effects on other soil microorganisms are in order.
Rhizobial growth on agar plates
Sludge effects on colony formation.

Growth of R. meliloti

on agar made from soil extract + 1 per cent mannitol is shown
in Fig.

23.

Fast growing rhizobia such as R. meliloti form

mature colonies in 3 to 5 days
are 72 hours old.

(Vincent 1977).

These colonies

There was little difference in growth appear¬

ance of the colonies between those grown on yeast-mannitol agar
and the soil extract agar.

Most of what is visible in the photo¬

graph is extracellular gum or polysaccharide (Vincent 1977) .
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Fig. 22.
Growth of Erwinia carotovora str. 14 in soil
or soil-sludge extract amended with .25 strength N-broth.
Curve A = .25 N-Broth + soil-sludge extract; Curve B = .25 NBroth = soil extract; Curve C = .25 N-Broth + distilled
water; Lines shown are not significantly different.
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Fig. 23.
72 Hour culture of R. meliloti on soil extract
+ 1 per cent mannitol agar plates.
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This water soluble gum is produced abundantly by rhizobia and
may plan an important part in host recognition and rhizosphere
dominance as previously discussed.
colony of R.

Fig.

24 shows a 72 hour

meliloti growing on soil-sludge extract + 1 per

cent mannitol agar.

Colony formation was very different than

similarly aged cultures grown on soil extract + mannitol.
T^ie soil-sludge extract colonies are transparent and diffuse;
the soil extract colonies are opaque, milk-white and convex
on the agar surface.

Sludge addition to soil from which the

extracts were made caused a difference in exopolysaccharide
production.

When transferred at 72 hour intervals

soil-sludge extract + mannitol plates,
smaller and more transparent.

to more

colony formation became

After 5 transfers,

essentially nil except for a few transparent,

growth was

tiny colonies.

Each successive transfer took longer to resume normal colony
formation when transferred back to plain soil extract + mannitol
agar.
When colonies from both kinds of agar were stained with
a Gram stain,

no differences between treatments could be seen

with a light microscope.

Both colony types

revealing typical gram negative rods.

stained similarly,

It is possible that

more detailed investigations of bacterial morphology using
electron microscopy might reveal differences undetectable with
a light microscope.
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Fig. 24.
72 hour culture of R. meliloti on soil-sludge
"f 1 psr cent mannitol agar plates.
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Rhizobial lawn assay.

Introduction of sterile assay discs dipped in soil extract
onto rhizobial lawn plates had no effect on development of the
lawn.

Plates were covered uniformly by white rhizobial colonies,

interrupted only by the assay disc in the center of the plate.
In contrast,

discs soaked in soil-sludge extract and placed

in the center of the plates caused a zone of growth inhibition
around the disc,

as seen in Fig.

25.

It is clear that the

component of the soil-sludge extract that is inhibitory to
rhizobia is able to diffuse into the agar and prevent colony
formation.

Aseptic seedling techniques.
Preliminary set up.

These experiments focused on the ini¬

tial stages of the Rhizobium-legume relationship,
well documented but poorly understood
Nutman 1962,
1969).

Purchase 1958,

(Fahraeus

Thornton 1929,

which are

1957,

Lim 1963,

Yao and Vincent

Curling and distortion of legume root hairs are the

first visible plant response to Rhizobium spp.

(Dart 1977).

Root hairs of alfalfa seedlings placed on inoculated
agar slants

(Fig.

26),

after a 48 hour germination period on

water agar,

were observed daily.

Within 24 to 48 hours,

rhizobia

in the vicinity of the host legume root begin to multiply rapidly
(Van Egeraat 1975).

When the seedlings had been on the slants

for 72 hours a great amount of root hair curling and distortion
was observed

(Fig.

27).

Nearly all visible root hairs were
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.25.
Lawn of R. meliloti growing on yeast - mannitol
agar snowing zone of inhibition around disc soaked in soilsludge extract.
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l
i
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Fig. 26.
Aseptic slant set up containing 3 week old
alfalfa s eedlings.
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affected to some degree by the presence of the rhizobia.
Mature root hairs are most subject to deformation

(Dart 1977)

and the degree of deformation depends on the specie of leg¬
ume,

strain of Rhizobium,

on the root

and position

(Yao and Vincent 1969).

of the root hair

Tubes were observed

daily for the next 72 hours with no apparent change;

roots

of the seedling continued to grow with new root hairs con¬
sistently deformed as they matured but no infection threads
visible.

It is not known how the rhizobia initiate the infec¬

tion thread.

Dart

(1977)

presents an excellent synopsis of

the several theories in vogue presently.
growth,

On the ninth day of

infected root hairs were first observed

(Table 34).

This coincided with the opening of the first true leaf of each
alfalfa plant examined.

Many authors confirm that root hair

infection in alfalfa coincides with the opening of the first
true leaf

(Fahraeus 1957,

Thornton 1929).

The seedlings must

reach a certain stage of maturity before infection can be
initiated.

Thornton

(1929)

states "when alfalfa seedlings

attain the stage of development marked by the opening of the
first true leaf,

some substance is extruded from the roots

which stimulates the infection of root hairs."

He based his

conclusions on experiments in which he obtained nodules on
i

very young seedlings by growing them in concert with older
seedlings that were at optimal infection age.

Only a small

portion of deformed root hairs are actually infected by the
bacteria:

reports vary from .25 to 5 per cent for alfalfa
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Fig. 27.
deformed by R.

Root hairs of 5 day old alfalfa seedling
meliloti prior to infection'.
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TABLE 34
Root hair infection and nodulation of alfalfa seedlingsW
grown on agar slants made with various media.

mediax

age of
seedl

70

infected
root hairs

nodules
per plant

H20

9

■71
. 71
az

0 a

SE

9

.06 b

0 a

SSE

9

h2o

0

0 a

11

1.0 a

0 a

SE

11

1.7 a

0 a

SSE

11

0.2 b

0 a

H20

13

1.6 a

1.2 a

SE

13

1.9 a

0.9 a

SSE

13

1.7 a

0 b

H20

15

1.9 a

2.2 a

SE

15

1.4 a

1.5 a

SSE

15

1.7 a

0.6 b

h20

17

1.3 a

3.4 a

SE

17

1.7 a

2.9 a

SSE

17

1.0 a

2.5 a

h2o

19

1.6 a

3.1 a

SE

19

2.0 a

3.9 a

SSE

19

1.4 a

2.7 a

h2o

21

1.3 a

5.4 a

SE

21

1.8 a

2.6 a

SEE

21

2.2 a

4.0 a
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TABLE 34,

continued

weach figure mean of 10 replications
xH20 = media made with distilled water
SE = media made with soil extract
SEE = media made with soil-sludge extract
^age in days
zmean separation within groupings by Duncan's Multiple
Range Test (p = .05)
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(Fahraeus

1957,

Nutman 1959,

Van Schreven 1959).

Purchase 1957,

Infections are also not randomly dis¬

tributed but localized in groups
(Nutman 1962).
patterns.

Thornton 1929,

initiated by single infections

Most of the infections observed followed these

Because of the small size of the seedlings the entire

root system could be seen quite easily under low power magni¬
fication of the microscope;

areas containing potential infection

threads could be picked out then examined in more detail with
higher magnification.

Fig.

typical of those observed.

28 illustrates an infection thread
The number of infected root hairs

increased for 4 days after infection was first observed,
nodule formation occurred.

The alfalfa seedlings were 13 days

old when nodules first appeared.

After nodule formation began,

the number of infected root hairs remained constant.
(1962)

until

Nutman

showed the relative rate of increase in the number of

infected root hairs was constant until nodulation began,
there was an abrupt lowering of the rate of infection.
must be emphasized that the number of root hairs bears

then
It

little

relation to the ultimate number of nodules that form and that
there may be large variations between individual plants of the
same treatment in a laboratory set up

(Dart 1977).

Nodulation

and plant growth were observed until the twenty-first day
of growth when the experiment was terminated.

At this stage

of growth the alfalfa plants were filling the test tubes and
their root systems were ramifying through the agar,
too large to monitor accurately.

becoming

These procedures were adapted
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Fig. 28.
Root hair on 13 day old alfalfa seedling containing rhizobial infection thread.
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for use with investigations of sludge effects on the infec¬
tion process.
Sludge experiments:

media variations.

Table 34 con¬

trasts per cent infection root hairs and nodulation of young
alfalfa plants grown aseptically in 3 different media:
soil extract,

and soil-sludge extract.

preceding section,

water,

As discussed in the

infection in young alfalfa plants coincides

with the opening of the first true leaf.

By day 9,

.71 per

cent of the root hairs of plants grown in media made with dis¬
tilled water were infected by rhizobia.

Only

.06 per cent of

the plants grown in media made with soil extract and none of the
root hairs of plants grown with soil-sludge extract media
showed evidence of infection.

All tubes had received the same

amount of rhizobial inoculum.

It is likely that the inhibi¬

tion of root hair infection in the soil extract media is

likely

due to the presence of N0^ in the soil extract,

which amounted

to 20 ppm

found 5 to

(Table 33).

Raggio and Raggio

(1962)

50 ppm NO^ caused a delay in infection but overall was bene¬
ficial to nodulation and fixation.

Gibson and Nutman

tested many forms of N including urea,

asparagine,

(1960)

and ammonium

nitrate and found only N0^ caused a delay in infection and
nodulation.

Their application of 20 ppm N to alfalfa and

clover plants slightly delayed infection but consistently
increased the number of nodules ultimately formed.

This may

result from N induced increases in the size and branching of
the root systems,

as branch root emergence is often the site of
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nodule formation.

From the data,

it is

impossible to pre¬

dict if plants initially receiving NO^ ended up with more
nodules;

at the point of termination there were no significant

differences in infection or nodulation between treatments.
By day 11,

plants grown in media made with distilled water or

soil extract were similarly infected.

At this time root hair

infection in plants grown in soil-sludge media was
observed.
first,
day 13.

first

Plants grown in media with distilled water nodulated

with the first sign of nodule initiation appearing on
This short lead in root hair infection and nodulation

in the distilled water and soil extract media treatments were
the only significant differences observed between treatments;
after day 15,

no statistical differences between treatments

could be detected.

It appears that ultimate nodulation had

no relation to the number of infected root hairs or the time
interval between primary root hair infection and actual nodule
initiation.

Dart

(1977)

and Lim

(1963)

observed that early

infection and nodulation are promoted by large rhizobial popu¬
lations up to the time of formation of the first nodule;

there¬

after population has little effect on rate of infection and
ultimate nodulation.
If this principle is applied to the present data it can
explain quite simply the delay in infection and nodulation in
the soil-sludge media treatments.
isslowed by soil-sludge extract,

If rhizobial reproduction
is takes longer for sufficient
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numbers to build up to be able to initiate infection but
once numbers are sufficient for infection and nodulation,
differences between treatments disappear.

The final set of

experiments which follow investigate further the role of
bacterial numbers in sludge induced inhibition of nodulation.
Sludge experiments:

inocula variations.

In the previous

experiment it was observed and substantiated that alfalfa
plants reach maximal susceptibility to root hair infection
by rhizobial bacteria when the first true leaf opens,
at age 9 days under this
experiments,

laboratory's conditions.

usually

In these

rhizobial bacteria were supplied to the alfalfa

plants at the time the first true leaf was opening so that
the plants would be immediately receptive to infection and
not allow rhizobial populations to build up as the seedling
develops,

as in the prev ious experiment.

Tables 35 to 37 illustrate the effect of varying the
amount of rhizobial inoculum supplied to the alfalfa plant at
first true leaf development,
tilled water,

grown on media made with dis¬

soil extract or soil-sludge extract.

made with distilled water at inoculum levels of

In media

.1 and

it took 24 hours for root hair deformation to occur;
occurred within 48 hours.
and

It should be noted that

.01 mis

infection

.01 ml

.1 ml supplied adequate numbers of rhizobia as there was

no difference in root hair deformation between treatments.
In the previous experiment,

root hair infection occurred on

day 9 when rhizobial inodulum was supplied from the first day
on the slant

(Table 34);

the lag was only 48 hours when ino-
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culum was not supplied until day 9.

After this

there was no difference in nodule initiation;
were present at the

.1 ml inoculum levels

initial lag,

nodule initials

in both this and

the previous experiment at 13 days of growth.
At the

.01 ml inoculum level, nodule formation took 48

hours longer as nodule initials were not seen until day 15.
After this point however,

there were no differences between

treatments.
Inoculating the seedlings with
had a considerable delaying effect;

.003 mis of inoculum
root hair infection

was not observed until 6 days after inoculation

(day 15)

and only a small amount of nodule initiation had occurred
by day 17.

However,

once nodulation began differences be¬

tween treatments disappeared.

The low level of inoculum had

no effect on the number of nodules that ultimately formed.
Table 36 presents data with the same inoculation levels
made on 9 day old plants that were grown on media made with
soil extract instead of distilled water.
the

.1 ml and

The results for

.01 ml inocula levels were very similar to

those for the previous experiment made with distilled water.
There was no delay in nodule initiation at the

.01 ml level;

perhaps the additional nutrients present from the soil extract
increased the rate of rhizobial multiplication in the nutrient
solution at the bases of the slants.
earlier at the

.01 and

Nodulation also occurred

.003 ml inocula levels than when the

media was made with distilled water.

The nitrate delay effect
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TABLE 35

w
Root hair infection and nodulation of alfalfa seedlings
grown in media made with distilled water, inoculated when
first true leaf opening
inoculumx
level

age of
seedling^

7o infected

root hairs

nodules
per plant

0 az
0 a
0 a

0 a
0 a
0 a

11
11
11

0 a
.4
.31 b

0 a
0 a
0 a

.003
.01
.1

13
13
13

0 a
1.8 b
2.6 b

0 a
0 a
1.2 b

.003
.01
.1

15
15
15

.09 a
2.4 b
2.0 b

0 a
1.3 b
1.7 b

.003
.01
.1

17
17
17

1.8 a
2.6 a
2.2 a

.9 a
1.8 b
2.4 b

.003
.01
.1

19
19
19

2.4 a
2.1 a
2.9 a

3.1 a
2.0 a
2.9 a

.003
.01
.1

21
21
21

2.0 a
1.9 a
2.2 a

3.0 a
4.2 a
4.3 a

.003
.01
.1

9
9
9

.003
.01
.1

weach figure mean of 10 replications
xmls of 72 hour culture of R. meliloti
■^age in days
mean separation within groupings by Duncan's Multiple
P.ange Test (p = .05)
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TABLE 36
Pvoot hair infection and nodulation of alfalfa seedlings
grown in media made with soil extract, inoculated when first
true leaf opening

age of
seedling^

7o infected
root hairs

nodules
per plant

.003
.01
.1

9
9
9

n
z
0 a
0 a
0 a

0 a
0 a
0 a

.003
.01
.1

11
11
11

0 a
.3 b
.2 b

0 a
0 a
0 a

.003
.01
.1

13
13
13

0 a
.9 b
1.4 b

0 a
1.2 b
1.0 b

.003
.01
.1

15
15
15

1.1 a
1.2 a
1.7 a

0 a
1.7 b
2.0 b

.003
.01
.1

17
17
17

.87 a
1.6 b
1.6 b

1.3 a
2.0 a
2.2 a

.003
.01
.1

19
19
19

1.8 a
2.1 a
2.0 a

1.9 a
2.5 a
2.8 a

.003
.01
.1

21
21
21

1.6 a
1.4 a
2.0 a

3.1 a
3.9 a
5.2 a

inoculumx
level

weach figure mean of 10 replications
mis of 72 hour culture of R. meliloti
•^age in days
<7

mean separation within groupings by Duncan's Multiple
Range Test (p = .05)
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seen in the media variation experiment where plants grown
in soil extract took longer to become infected and initiate
nodules than those grown in media made with distilled water
was not observed in this experiment.

Reasons for this are

unknown.
Table 37 represents data for the same varied inoculation
levels with plants grown in media made with soil-sludge
extract.

Root hair infection and nodule initiation are

delayed considerably at all inoculum levels.
and the

The

.1 ml

.01 ml levels of inocula required 4 days to show

low levels of root hair infection; nodule initiation did
not begin until day 15 but after that amounts of infection
and nodulation were similar to previous treatments.
inoculum level showed the most profound results.

The

.003

Root hair

infection did not occur until day 15 and remained low through¬
out the experiment,

although not significantly so because of

the large variation between plants.
until after day 17;

once again,

Nodulation did not occur

after nodulation began dif¬

ferences between inoculum levels disappeared and nodules
formed normally.
From these experiments it is evident that rhizobial
ability to infect legume roots and form normal nodules
unaffected by sludge application.

is

What is critically affected

is the rate of bacterial reproduction which is

so important

in the establishment of rhizobial dominance in the rhizosphere.
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TABLE 37
•
w
Root hair infection and nodulation of alfalfa seedlings
grown in media made with soil-sludge extract, inoculated
when first true leaf opening
inoculum
level

age of
seedling7

.003
.01
.1

9
9
9

.003
.01
.1

infected
root hairs

%

nodules
per plan

0 az
0 a
0 a

0 a
0 a
0 a

11
11
11

0 a
0 a
0 a

0 a
0 a
0 a

.003
.01
.1

13
13
13

0 a
.8 b
1.0 b

0 a
0 a
0 a

.003
.01
.1

15
15
15

. 06 a
.5 b
1.6 b

0 a
1.1 b
1.4 b

.003
.01
.1

17
17
17

.4 a
1.9 b
1.0 b

.5 a
2.0 b
1.8 b

.003
.01
.1

19
19
19

1.2 a
1.7 a
1.4 a

2.0 a
2.3 a
1.9 a

.003
.01
.1

21
21
21

1.1 a
2.3 a
1.9 a

2.1 a
4.4 a
4.9 a

r

each figure mean of 10 replications
mis of 72 hour culture of R. meliloti
^age in days
mean separation within groupings by Duncan's Multiple
Range Test (p = .05)
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Which component of sewage sludge may be held responsible
for decreased rates of rhizobial reproduction is unknown.
The metals Cu and Zn have been implicated in previous
iments;

exper¬

the inhibition may result from a combination of

elevated N and metal levels, metals alone,

or some other

completely unknown factor.
This slowed growth combined with the selective increase
in other soil microorganisms

(Saka 1978),

especially those

known for their antimicrobial activity, may be enough to
prevent rhizobia from establishing dominance in the rhizosphere which is necessary for initiation of the symbiotic
relationship.

w
CHAPTER

V

SUMMARY AND CONCLUSIONS

This study focused on answering 3 questions:
1.

Can municipal sludge from Boston be disposed
of by application to Massachusetts'

farm land

thereby eliminating sludge as a source of pol¬
lution while utilizing nutrients present in
it as plant fertilizers?

2.

Does irradiation to destroy potential human
pathogens change the behavior of the sludge
once added to soil?

3.

Does sludge application to soil affect indig¬
enous microorganisms known to enter into
symbiotic associations with plants?

With regard to the suitability of Boston sludge as a
soil amendment in Massachusetts,

the data indicate quite

clearly that it is not suitable except perhaps for special
purpose agriculture or horticulture.

Three years of field

application consistently reduced seed germination,
growth,

and final crop yields.

plant

In spite of the low appli¬

cation rates used it only took 3 years for levels of Cu and
Zn in the 2X sludge plots to reach critical levels.

After

the third year of sludge treatment, bush bean and alfalfa
were considerably stunted and onion, white clover,
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and soybean
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scarcely grew at all.

This does not mean that all sludges

are unsuited for use with these crops;

yet one must conclude

that sludges made from an industrial/domestic waste mix
as usually occurs in big cities will contain too many dan¬
gerous contaminants to be safely applied to cropland.

Al¬

ternative means of disposal for these sludges should be used.
As far as could be determined with limited ananysis
facilities available,

the behavior of metals in Deer Island

sludge was unchanged by irradiation.

Metal accumulation in

plant tissues followed patterns described in the literature.
Metal levels were highest in root and oldest foliar tissues,
lowest in fruits,

seeds,

and youngest leaves.

to cause soil accumulation problems
as expected;

(Cu, Zn,

Metals known
Cd) behaved

other metals caused no problems as soil pH

was kept near neutral.

It did not appear that irradiation

of sludge would cause any special soil application problems.
The effects of sludge application on soil microorganisms
forming symbiotic associations with plants were varied and
complex.

Field, greenhouse and laboratory investigations

showed that in all cases sludge amendment of soil inhibited
and changed the nature of both VA mycorrhizal and rhizobial
infection and colonization of plant roots.
For VA mycorrhizal infection, P levels in soil and
plant tissues combined with the morphology of the infections
which developed in the field and greenhouse indicated a nu%

tritional feedback inhibition from excess P resulted from
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sludge application.

Tailoring sludge application levels to

supply crop needs should remedy the problem.

The Waltham

soil used in this study would not be suitable for sludge
application as it contained adequate amounts of P prior to
sludge application.
The source of the inhibition of rhizobial nodulation
was more difficult to identify.

There is no doubt that

sludge addition to soil at the application rates used inhi¬
bited rhizobial nodulation of bush bean,
clover,

and soybean in the field,

alfalfa, white

even when large numbers

of rhizobial bacteria were supplied by inoculation.
toring soil parameters eliminated*pH decreases,

Moni¬

soluble salt

accumulation and N overloading of the soil as causes of
the inhibition.

The first 2 years of field data gave no

indication of what might be responsible for the inhibition.
By the third year of sludge application,

analysis of soil

total elements showed certain metals, primarily Cu and Zn,
were approaching critical concentrations.

Metal levels in

plant tissues were also starting to reflect exposure to
high levels of soil Cu and Zn. Unfortunately, no acute
symptoms of Cu or Zn toxicity were observed in the field,
although they were observed in a greenhouse study where
bean plants were grown in sand.

It is possible that these

elevated metal levels affected the plant host or bacterial
symbiont,

or both,

disrupting the symbiotic relationship.

Greenhouse and laboratory studies on Zn showed that although
elevated Zn levels could mimic sludge induced rhizobial
inhibition, much higher levels of Zn would have had to
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be present in plants grown in the sludge plots than actually
occurred to cause the amount of rhizobial inhibition ob¬
served.
Greenhouse studies showed that it was the early
stages of the symbiotic association when the rhizobia would
be reproducing rapidly to establish rhizosphere dominance
that were being disrupted by sludge application.

It is

possible that sludge addition is inhibiting rhizobial growth
directly, possibly from elevated metal concentrations,

or

indirectly by stimulating other organisms which are inhi¬
bitory to rhizobia.

Miller (1974b)

found maximal bacterial

numbers were reached in soil 30 days of sludge application;
with the time interval used before planting in these experi¬
ments, rhizobial numbers would be increasing rapidly to
initiate infection right at the time of maximal activity
of other bacteria.

A large surge in growth of other micro¬

organisms might well lead to a situation antagonistic with
rhizobia.
Laboratory studies on the growth of Rhizobia in liquid
media and on agar plates made from sludge amended soil
showed rhizobial growth rates and polysaccharide production
were inhibited by sludge application.
however,

In an aseptic situation

the rhizobia were capable of normal infection and

nodulation in spite of the presence of sludge extract.
Taking into account the results from all rhizobia-sludge
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experiments performed in this study,

one might conclude

that sludge amendment of soil disrupts rhizobial nodulation
of legumes by reducing rhizobial growth rates and polysac¬
charide production thereby decreasing their competitive
advantages in the rhizosphere.

The exact component or

components of sludge responsible for these phenomena were
not positively identified although increased soil metal
concentrations were implicated.
Recommendations for future research would have to
begin with attainment of proper analysis facilities.

Be¬

cause of the limited analysis available it was impossible
to characterize the sludge as well as it should have been
with both organic and inorganic- constituents identified in
as much detail as possible.

More extensive analysis of soil

and plant tissues would have also been helpful.
Results from the brief experiment with Erwinia carotovora
confirmed that sludge may have varied and contrasting effects
on beneficial and pathogenic microorganisms.

Further investi¬

gation of sludge induced soil ecosystem changes is warranted,
especially of microorganisms potentially pathogenic to food
crops.

Heavy metal contamination of soil is but one of a

myriad of sludge effects which may result from application to
soil.

Only with careful site selection and diligent monitoring

of soil parameters can sludge be safely disposed of by land
application.
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